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Introduction

The increasing demand for wireless communication systems has been the star-
ting point for many research activities and discussions about the best way to
make a cleaver usage of the available spectrum and the available power, in or-
der to satisfy the requirements of the users. In these systems, many are the
features that have to be taken into account, such as the mobility of the users,
the presence of time varying obstacles, power and bandwidth limitations, in
order to determine their Shannon-Capacity, i.e. the maximum amount of in-
formation that can be reliably delivered. Indeed, only in this way it is possible
to understand the real quality of services that can be offered to the users, and
consequently to determine the different types of applications that can be im-
plemented on such communication systems.

Most of the efforts done in Information Theoretic research in the study of wire-
less communication channels, has been conducted assuming coherent recep-
tion of the signals at the receiver side. The key result obtained is that the better
way to contrast the randomness of wireless channels (fading), which is the
main contribution in the limitation of the performance of a wireless system, is
the use of multiple antennas at both the transmitter and the receiver sides (spa-
tial diversity). Specifically, [1] [2] show that Multiple-Input-Multiple-Output
(MIMO) channels have a linear capacity growth with the number of antennas
for point-to-point wireless channels with rich scattering. This promise of linear
capacity growth has been generalized to the Multiple Access Channel (MAC),
[3] [4] [5], and Broadcast Channel, [6] [7], where the transmitters and the
receivers are equipped with multiple antennas. The potentiality of MIMO sy-
stems to contrast the fading, has been also exploited in the contest of RADAR
systems, [8] [9] , showing that the probability of detection can be improved
resorting to angle diversity, i.e. looking to the target from different perspective
angles.

However, especially in the Communication field, the aforementioned analy-
sis of MIMO systems requires the receiver to perform a noise-free, multi-
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xii Introduction

dimensional channel estimation, without using communication resources. In
practice, any channel estimation is noisy and uses system resources, So it is
very important to understand the performance of a communication system for
which only a partial information of the channel state is available at the re-
ceiver. For a single user MIMO channel, the trade-off between a good channel
estimation and an increase of achievable data rate has been considered in [10]
where the analysis is conducted using a lower bound for the capacity. In [11]
assuming gaussian input, a lower and an upper bound for the mutual infor-
mation are provided under the assumption that imperfect channel state infor-
mation is available at the receiver. The fundamental conclusion that can be
obtained is that the quality of the estimation has a great impact on the per-
formance limits of the system. Specifically, assuming that the quality of the
estimation doesn’t depend on the available power at the transmitter, the system
is interference limited, i.e. the achievable rate saturates; instead, if it is pos-
sible to obtain a consistent estimation of the channel at high signal-to-noise
ratio, the rate growth is essentially linear with the number of antennas, as long
as it is inferior to the coherent time of the channel. Obviously, moving to-
ward a multi-user setting, such as Multiple Access Channel (MAC), produces
a higher amount of information that has to be known to the receiver, for co-
herent reception, and the assumption of perfect knowledge of the channel state
information is totally unrealistic. Some efforts for two user MAC channels
with partial channel state information (CSI), has been performed in [12] [13].

The aim of this Thesis, (cf.[14, 15, 16]), is to generalize the previous re-
sults to an arbitrary multiple-user scenario where receiver and transmitters are
equipped with multiple, possibly correlated, antennas, and only a partial CSI
of the users is available at the receiver. In particular, focusing on the mutual
information conditioned on such a partial CSI, an inner and an outer bound
on the rate region achievable with Gaussian inputs for a MIMO MAC channel
with partial CSI, are provided. So the result about the sum-rate performance
for a MIMO MAC with partial CSI, obtained in [17], has been generalized
through this analysis. Moreover, the behavior of the gaps between the upper
and lower bounds of the mutual information terms, which define the achie-
vable rate region, is analyzed as function of: i) the number of the users, ii)
the number of the receiving antennas, and iii) the signal to noise ratio. Fur-
thermore, the problem of finding the precodings that attempt to maximize the
lower bound to the sum-rate, is considered too. Then the low-SNR and high-
SNR regime for a MIMO MAC with partial CSI at the receiver is described,
focusing, respectively, on the minimum energy per bit and on the multiacces
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slope region for the former, and on the high-SNR slope for the latter.

The aforementioned framework turns out to be very useful to describe the
performance limits of two relevant scenarios of MAC system, in which only
a partial CSI can be used at the receiver: Cooperative MIMO Networks and
Training Based Systems.

Concerning the Cooperative MIMO Networks, it is well known that the
optimal management of cochannel interference is of great importance for any
multiuser wireless network. In conventional cellular systems, each user is
served by a single base station, according to a pre-fixed criteria, such as signal
strength. Focusing on the uplink, each user then causes interference to users
served by all other base stations. However, if the received signals at all the base
stations could be jointly processed at a central processor (CP), there is no more
interference and all signals are information-bearing. While challenging to im-
plement, such joint processing is at least theoretically possible because the
base stations are typically connected by a high-speed backhaul network. This
decoding strategy has been referred as Cooperative MIMO network, multi-cell
processing, base station coordination, macrodiversity, etc, [18], [19]. Obviou-
sly, the ability to suppress interference through receivers cooperation, as above,
is crucially dependent on the availability and quality of the CSI for all the users
at the central processor. In practice, the assumption of perfect CSI is particu-
larly untenable in the context of multi-cell processing because of the need to
estimate very weak channels (from faraway users). Therefore, it becomes im-
portant to understand the fundamental limits imposed by imperfect CSI on the
performance of multi-cell processing. Consequently, the derived bounds can
be applied to study Gaussian interference networks with cooperative receiver
processing, assuming infinite-capacity backhaul links from the base stations to
the CP. Each user is supposed to be decoded according to the received signals
at () base stations (@) the cluster size). Firstly, the case where the CP has full
CSI for each user at the () base stations that form his processing cluster, and
no CSI (apart from the statistical characterization) for the other user-to-base
links, is considered. Then the same situation with the further refinement that
the CP has only quantized CSI instead of full CSI, is studied. In both cases,
the impact of partial CSI through the derived upper and lower bounds on the
sum rate (with Gaussian signaling) is analyzed, focusing in particular on the
impact of Q.

Concerning the Training Based Systems, in most of telecommunication
networks, before the transmission of the information, a synchronization phase
occurs, during which the receiver estimates the channel matrix. In particular a



xiv Introduction

standard technique to allow the receivers to estimate the channel matrix con-
sists of the transmission from the users of training sequences among the data,
[20]. Then, the founded inner and outer bounds can be applied to a MIMO
MAC affected by block fading, where each block is divided into training and
data transmission phases. Since the partial CSI available at the receiver is re-
lated to a minimum-mean-square-error (MMSE) channel estimation process,
the attention is focused on the optimization of training signals, considering
two performance metrics: the trace and the determinant, respectively, of the
covariance matrix of the channel estimation error. Therefore, a robust design
of the training sequences is considered, and the problem of the precoding for a
Training Based System is solved. Finally, the impact of antennas’ correlation
at the transmitter and the receiver side on the performance of the system is
analyzed, using the inner and outer bounds.

The Thesis is organized as follows. Chapter 1 contains the Information
Theoretic results for a MIMO MAC with partial CSI; after describing the sy-
stem model and the assumptions for the multiple access channel under conside-
ration, an inner and an outer bound on the achievable rate region with partial
CSI at the receiver and Gaussian input, are derived. Furthermore, the proper-
ties of the lower and upper bounds, characterizing the achievable rate region,
are analyzed, and the problem of the optimal precoding applied by the users
of the network is considered. In Chapter 2, a Cooperative MIMO Network
and a Training Based System are characterized in an Information Theoretic
sense. In particular, in Section 2.1, the derived bounds are applied for studing
a Cooperative MIMO Network with incomplete and/or imperfect CSI, while
Section 2.2 deals with the special case in which the CSI at the receiver is ob-
tained through training sequences, and it contains the derivation of the optimal
structure of such sequences. Chapter 3 discusses with the asymptotic behav-
ior of a MIMO MAC with partial CSI in the low-SNR regime and high-SNR
regime, then the Conclusions.
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Notation: In the following, X7, X', ||X||, and [X];; respectively de-
note the transpose, the Hermitian transpose, the Frobenius norm and the
element at the k-th row and the i-th column of the matrix X € C™*",
X = [x1,...,Xn] € C™*" is a matrix containing the m—dimensional vectors
X1,...,Xp as its columns. A ® B € CF"*k" denotes the Kronecker (tensor)
product of the matrix A € C™*" with the matrix B € C**. tr{A}, |A]
and Amax(A) denote the trace, the determinant and the maximum eigenvalue
of a square matrix A. vec{X} € C™" indicates the vector obtained stacking
up the rows of the matrix X € C™*". I,, indicates the identity matrix of
order m. I&’;) denotes the m x p matrix defined as follows: [L(fi)]i,j = 0; ;.
em,i indicates a row vector of dimension m such that [em’i]j = 0;;. 1gis
the R-dimensional vector with all entries equal to 1. Finally, x|, indicates the
random variable x conditioned on y, E [-] denotes statistical expectation and
Ey [-] denotes conditional statistical expectation with respect to Y.






Chapter 1

MIMO MAC with Partial CSI

In this chapter, the system model for a MIMO Multiple-Access Channel
is presented and its Information-Theoretic characterization is considered,
assuming a partial channel state information at the receiver side. In particular,
an inner and an outer bound to the achievable rate region for a MIMO MAC
with partial CSI, are derived. Some interesting properties about the lower and
upper bounds derived are shown, and the behavior of the gap with respect to
the number of the users and the receiving antennas, is analyzed. Finally, the
optimization of precodings that have to be used by the users, is considered.

1.1 MIMO MAC Model

A MIMO MAC with a base station (BS) equipped with L' receiving antennas
and K users, each with M transmitting antennas is considered (the generaliza-
tion to the case of different numbers of antennas at the users is straightforward,
and will therefore not be considered here).

Using the standard discrete-time equivalent channel representation for flat-
flat fading channels 2 [21] [22] [23], the L-dimensional baseband complex

"Let us observe that in the case of cooperative MIMO networks, L is the sum of the receiving
antennas of the different BSs distributed in the network.

2If the fading process is frequency selective, the channel can be decomposed into parallel
noninteracting subchannels, each of which conforms to (1.1), considering simultaneous tran-
smission of narrowband signals on not-overlapping frequency bands.
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signal received at the base station, is given by:
K
y = > H®x® 4n (1.1)
k=1

where H(®) is the I x M channel matrix between the k-th user and the base
station, x(®) is the M -dimensional input vector for the k-th user, and n is
the additive circularly symmetric zero-mean Gaussian noise. The single-sided
spectral density of the noise is denoted by

E[||n]?
Ny = ZlloI W2
and we assume its normalized spatial covariance to be
E[nnf]
n NO L ( )

The input signals are assumed to be zero-mean with normalized input cova-
riance matrix
E [Xm)X(w]

Pr=——— = 1.4
k D , (1.4)

according to some power allocation policy, where P is the maximum available
power per user. Moreover, we consider a normalized input power constraints
tr{Pj} < 1 and in the following we will indicate with SNR the quantity
SNR = N%. By stacking the transmitted K input vectors in (1.1) to form an

M K -dimensional vector, x = [x(l)T ox(E )T]T, we can write
y=Hx+n (1.5)

where H = [H(l), H®? ..., H(K)] is the L x M K channel matrix whose
k-th block is the matrix H(*).

Let us now consider the statistical characterization of the channel matrices
H®). We assume that H®) are statistically independent across users and with
finite second order moments. Moreover, if explicitly stated, each channel H(¥)
is supposed to be described by the U IU model [24], i.e. it turns out:

H® — Ul(f)Hg’f)U(Tk)T, k=1,...,K, (1.6)
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where Ulgk) is a L x L unitary matrix, U(Tk) isa M x M unitary matrix and

Hq(f ) is a zero-mean L x M Gaussian random matrix of independent elements
2
with power profile >, ie. E “[Hgf)]”‘ ] = [zﬁf)]i,j.

Such a statistical characterization covers most of the channel models that
are considered in the literature. In particular, it encompasses the classical chan-
nel model of independent Rayleigh-faded gain, or the separable correlation
model, for which the correlation between two transmitting antennas does not
depend on the receiving antennas and, dually, the correlation between two re-
ceive antennas is independent of the transmitting antennas. It also includes
the virtual representation, which is amply utilized in the literature to describe
the channel gain for a MIMO system equipped with linear transmitting and

receiving arrays, and it is characterized by two Fourier matrices for Ul(f) and

U(Tk). Let us observe that with this model we can take into account the differ-
ent path losses between the BS and the users, by choosing appropriately the

set of values for tr {255) }

1.2 Information-Theoretic Analysis

In this section, we characterize in an information-theoretic sense a memory-
less MIMO MAC channel when a statistic S of the channel realization H, is
available at the receiver’. For every memoryless MAC channel with K users,
marginal power constraint E [||x[|*] < Bk, k = 1,... K, and side informa-
tion S at the receiver, the direct achievable rate region is given by, [25] and
[26]:

A(B) = U {(Rl,...,RK):ZRkSI(xA;y\S,XA)VAQU}

xg: Vk ke A
E[|Ixx[2]<B
(1.7)
where 3 = [31, ..., BKk], Ais a generic subset of the set of users while A is its
complementary subset with respect to/ = {1, ..., K}, and the union is over

independent distributions on the input alphabets.
As proved in [25] and [26], assuming that each user has a power constraint

>With respect to channel use variable 4, we assume that {(H;, S;)} sen 18 aniid. random
process; the results still hold if {(H;, S;)}, \, is an ergodic process.
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E[||x;] |*] < P, the Capacity rate region C(P) is given by:

C(P)=1{ (Ri,...,Rg): (R,...,Ri,P,...,P) € co | ] (A(B),B)

(1.8)
where co (S), is the convex hull of the set of points that belong to S, and
corresponds to the time sharing of different codebooks.

Let us, now, consider the system model given in (1.1), in the case of perfect
knowledge of the channel matrix H at the receiver side, i.e. S = Hj; it has been
shown in [27] [22], that the capacity rate region C(P), defined in (1.8), can be
particularized as:

U {(Rla'-wRK):ZRkSE

Q. >0: ke A
tr{Qk}:P7
Vk

log )IL +3 HkaHL]] VA C u}
keA

(1.9)

It can be observed that the capacity rate region, given in (1.9), corresponds to
the union of the achievable rate region A(P) evaluated for independent zero
mean Gaussian random vectors, with covariance matrices Qy, subjected to the
power constraint tr{Qy} = P.

From the above discussion, it is evident that for a complete characterization
of the achievable rate regions A(3), and consequently for the capacity rate
region of the system, the following quantities must be analyzed:

I(xr;y|S,xc) (1.10)

where F and C are generic disjoint subsets of the set I/ of all users. Indeed, a
special case of (1.10) is:

I(xA;y[S,x 1) (1.11)

where A is a generic subset of the set of users while A is its complementary
subset with respect to U/, which are used to define achievable rate regions for
the MIMO-MAC channel. The sum-rate of the MIMO MAC channel can be
obtained by evaluating (1.11) when A = U/, and the other terms correspond to
the corner points of the achievable rate region.

The evaluation of (1.10) is, in general, very difficult. In the following, we
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assume that:
Hypothesis 1 The input distribution of each user is zero mean Gaussian.

Hypothesis 2 Conditioned on S, the random matrix Hg is circularly sym-
metric Gaussian with mean H = Eg [H]*. Notice that H can be seen as the
estimate of the channel matrix H based on S. Thus we are equivalently assu-
ming that, conditioned on S, the uncertainty

Z=Hg - Es[H =Hg - H (1.12)

is a circularly symmetric zero-mean Gaussian random matrix whose entries
have a generic correlation structure.

Note that
Z=1|zW, . . . 725,
where () = Hig) — Eg[H®] = HY — H®).

The assumption of zero mean Gaussian input distributions allows us to
evaluate an achievable rate region for the MIMO-MAC with partial channel
state information. Moreover, this analysis can be reinterpreted as a perturba-
tion analysis of the ideal situation of coherent reception, for which it is well
known the optimality of zero mean Gaussian distributions.

Let us now introduce the following notation which is going to be used in
the subsequent derivations. Given a user subset R C {1,..., K}, we denote:

e by |R| the cardinality of the subset R;

e by xg the M|R|-dimensional vector obtained by concatenating the M -
dimensional vectors x(*), with k € R (i.e. the input vectors of the users
indexed by the elements of R);

e by R C U the user subset suchthat RUR =l and RNR = ;

e by Hy and Z% the matrices made up deleting the blocks, not indexed
by the elements of R, respectively of H-= [I:I(l)7 .., HY)| and of

Z=[zW,.. . 25,

*For technical conditions, the probability density function of H)s is assumed as a contin-
uous function of S, and that S has a smooth probability density function: such conditions are
satisfied, for example, when (S, H) are jointly Gaussian.
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e by P the M|R|-dimensional block-diagonal matrix, containing along
its diagonal the M x M normalized covariance matrices Py, with k € R.
Note that, since tr{Py} < 1, forall k € R, then tr{Pr} < |R|.

Under the previous hypotheses we derive lower and upper bounds for the
mutual information in (1.10), which are given in Theorem 1 using the follo-
wing definition.

Definition 1 Let A C U and B C U be arbitrary disjoint user subsets.
Then, I\ (4, 3)5 is a function of the subsets A, B, defined as follows:

—-1
ILap) =E [log ‘IL HQz+ T+ @5+ L11) I‘AH (1.13)

snr

where for any arbitrary user subset R C U, I'r and ®r are defined as:
I'r = ﬂRPRfﬂfga

and

1
PR = 5Esxe ZrxpxLZ5 |, (1.14)

while Qr = Eg[®r].

Theorem 1 Let 7 C U and C C U be disjoint user subsets. Then, for every
fixed covariance matrix Py, the mutual information in (1.10) is lower and
upper bounded by:

IL(}—,C)SI(X]‘—7 y‘Sv XC)SIL(é’C) - IL(W,FUC)_'_ Aé
(1.15)

with

I + SNR Q5 + SNR ®¢|

As=E |l
¢ 8 I + SNR &y

(1.16)

The expectation in (1.16) is over the joint Gaussian distribution of the input
vector x and over S.
Proof: See Appendix A Proof of Theorem 1

>When A = (), the convention is to assume Iy 4,5y = 0 for any B.
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Note that the lower bound to the mutual information can be interpreted in terms
of a degraded channel, i.e., it is equivalent to the rate of a channel for which H
is perfectly known to the receiver and the noise covariance matrix is given by
SNR (Qz + ®¢) + I, = I, where the inequality is a matrix inequality, that
correspond to an increase of the noise power in all the received directions. This
generalizes the same interpretation given in [10] for a single-user channel.

The above analysis is related to the generic performance analysis of the
system; we now give also a direct upper bound and lower bound to the sum
rate performance, that is the most significant figure of merit for the MAC
channels:

Corollary 1 A lower bound, I oyer, and an upper bound, Iypper, of mutual
information, I(x;y|S), for every fixed covariance matrix Py, are given by:

Iiower < 1(x3¥[S) < ITypper (1.17)
where
Tiower =E [log ‘IL + SNR (I + SNRQy,) ! ﬂPuﬂTu
and
Tupper = Liower + Ay
with
Ay=E [log Eizzggzu (1.18)

Proof: It is easily obtained from Theorem I choosing the subset F = U and
consequently C = Q.

Note that, in Corollary 1, by definition €2;; and P, boil down to:
Qy, = Eg [ZPUZT] ,
and to:

Pu:diag(Pl,...,PK) (119)
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Let us observe that from the derived lower and upper bounds given in Theo-
rem 1, it is immediate to evaluate an inner bound and an outer bound on the
achievable rate region, with Gaussian input, starting from (1.7).

1.2.1 Lower Bound and Upper Bound: Properties and Behavior
for Large Dimensions

In this subsection, some properties concerning the lower and upper bounds,
previously derived, are presented. Some considerations about the obtained
lower bounds are in order. First of all, applying the Jensen’s inequality®, it
turns out that:

snr

i —1
IL(_A,B):E log |1z, +(QE+FM+ @B-i-IfL) I‘A”

snr

i -1
SE |log |1, +(Qg+rm+1@s[¢3] n I—L) rA”

snr

—E [log |1 +( + T + 10) ' T (1.20)

For any possible assignment of the indices {1, ..., K} to the K users, using
(1.20), the following sequence of inequalities holds:

K
I(x;y[8)=)  I(xqy ¥[8 %q1,...5-1}) (1.21)
k=1
K
> (k) {1,k 1)) (1.22)
k=1

K —
=>"E [log ‘IL+<Q§+ T+ @5+ %) 1134”

k=1
(1.23)

K
>2sz (1.24)

k=1
:ILower (1-25)

®Recall that the function log ’I + A_lB‘, for a fixed B, is a convex function with respect

to A and that f(Cx + b) is a convex function in x, if f(y) is a convex function in y, (affine
transformation).
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where (1.21) follows from the chain rule for the mutual information, (1.22) is
consequence of Theorem 1, (1.23) follows from (1.13) with:

B={K,...,k}  AUB={K,....k+1},
B={1,....k—1}  A={k}

and finally (1.24) and (1.25) follows from (1.20) with

R, =E {log ‘IL +(Qz,{ + F{k+1,...,K} + LIL)il F{k}H (1.26)

snr
and

Iower = E [1og ’IL 4 SNR (I + SNR€2%,) I%IPMI%ITH . a2
From the above chain of inequalities, the following result is obtained:
Corollary 2 Denote by © a permutation which belongs to the symmetric
group, Sk, (i.e. the set of all permutations of the indices {1,...,K}). A

tighter lower bound on the sum rate 1(x;y|S), which can be achieved exploi-
ting a successive interference cancelation strategy, is provided by:

I(X;Y|S) > max INLower(ﬂ') > Tiower (1.28)
TeSK
with
I ower ()= ZE [log ‘IL +(Qr+ 211)" I‘{k}H (1.29)
k=1

where T is representative of the specific chosen ordering of the users, Q is
given by:

Qr = Qi) mk) T Dirm), om0y + i), m(k—1)

and finally I\ ower is given in Corollary 1.

It is worth emphasizing that, in many case of interest, the lower bound and
the upper bound for the sum-rate are very tight. Consequently from Corollary
2, it follows that the successive interference cancelation is a useful decoding
strategy to ensure good performance in terms of the achievable sum-rate.
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Let us now observe that in the case of two user MIMO MAC channel,

Iy > B [log | Lo (R + 1) ' Ty

IL({2}7{1}) >E [log ’IL —|—(Qu + #IL)il I‘{Q}H

and

max (I (q1y) + Iqay ) leqey) + Iy q2p) >
E [log Lz +(u + 1) ' Tz |

where the terms on the lefthand side define our achievable rate region, while
the term terms on the righthand side define achievable rate region, derived in
[12] [13]. Then, our inner bound is larger than the one given in [12] [13],
describing better the performance limits of the system. The same conclusion
still hold for higher number of users, i.e.: the developed tools better describe
the achievable rate region, with respect to the multiple user extension of [12]
[13].

Theorem 1 essentially provides an inner bound and an outer bound on the
achievable rate region of a MIMO-MAC where a statistic S of the channel
realization H is available at the receiver. In order to provide some analyti-
cal considerations concerning the tightness of such bounds, in the following
the behavior of the the gaps between the lower bounds and the corresponding
upper bounds in (1.30) is analyzed.

Given a subset A C U of the user’s set U, by Theorem 1, we have that
I(x.4;y|S,x3) is lower and upper bounded by:

IL(A,Z)SI(X-A;y‘S7XZ)SIL(A7z)—|— Aj
(1.30)
with

Iz + SNRQ 4 + SNR O]
[T, + SNR ®;|

A4 =E |log (1.31)

Proposition 1 Let Ay C U and Ay C U subsets of U such that:

A C As.



1.2 Information-Theoretic Analysis 11

Then
Ay <Ay <Ay (1.32)
Proof: See Appendix A Proof of Proposition 1.

This implies that A 4 is an increasing function of the cardinality of the user
subset A, otherwise stated as the number of users, indexed in the subset A,
increases, the gap increases. From the above proposition, it follows the subse-
quent result:

Theorem 2 The achievable rate region of a MIMO-MAC where a statistic S
of the channel realization H is available at the receiver, can be sandwiched
between two polytopes, between which the gap can be upper bounded by the
following quantity:

[Tz + SNR S|

Ay =E|l
u 81, + SNR®y|

(1.33)

Note that Ay, given in (1.33), represents also the gap between the upper
and the lower bound of the sum rate (cf. Corollary 1). Then this quantity can
be used to characterize with a single parameter, at any operating SNR, the gaps
between the upper bounds and the lower bounds. Another interesting result,
about the behavior of the gap to the sum-rate, is the following one:

Theorem 3 As function of SNR, Ay/(SNR), given in (1.33), is an increasing
function.

Proof: See Appendix A Proof of Theorem 3. Consequently, from Theorem
2 and Theorem 3, the gaps between the upper and the lower bounds can be
uniformly upper bounded, on every range of signal to noise ratio considered,
evaluating the gap to the sum-rate at the highest SNR. Moreover, under some
mild conditions, like the assumption that the matrix Z is full rank with prob-
ability one, the gap converges to a finite value when the SNR diverges: this
value can be used to give an uniform upper bound, with respect to SNR, to the
function Az/(SNR).

The next two theorems study the asymptotic (in the sense of number of
receiving antennas or number of users) behavior of the gap between the inner
and the outer bound on the achievable rate region of a MIMO-MAC with a
statistic S of the channel realization available at the receiver, assuming that Z is
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statistically independent from S’. Consequently, an insight about the behavior
of the system can be obtained. Specifically, we can prove the following results:

Theorem 4 As the number of receiving antennas, L, grows, the gap between
the inner and the outer bound on the achievable rate region of a MIMO-MAC
when a statistic S, of the channel realization H, is available at the receiver,
goes to zero if:

o E[|x|*] is finiteVk € 1,..., K,
e 7 has independent elements

® 0. . =0 ere o
1, <[—21+e> Wh

2

i?

; is the variance of (Z]; ;.

Equivalently, as L — oo,

L—oo

Ay =70 (1.34)
where Ay is given as in (1.33).

Proof: See Appendix A Proof of Theorem 4.

Let us observe that the condition given on the power profile of the estimation
errors does not imply that the overall error norm goes to zero, whereas it can
go to infinity.

Example 1 A scenario, in which the conditions of Theorem 4 are satisfied,
is the case of channel estimation with full rank training. In such scenario,
which will be described in the subsequent Subsection 2.2, if the k-th user has
one transmitting antenna, and the fading coefficients between the transmitting
antenna of k-th user and the receiving antennas are modeled as zero-mean
Gaussian random variables with variance J]% = % (to take in account for the
energy conservation), Z is a gaussian random matrix whose entries are inde-
pendent and have common variance along the columns. Specifically, denoting
by (U%)k the common variance of the entries of the k-th column of Z, we have:

(UQ)k _ 1 _ 1 _ Pk,
z (03)~1+ Pr (%’“)*1 +Pr  L+o¢pPr’

(1.35)

"If the conditions that we have considered are satisfied for each S, the results are easily
extended
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with Pr denoting the power assigned by the k-th user with k = 1
the training. Then, defining C' = i I{laXK¢k, we have that o2 ;< %
€l,..., ’
Let us now consider the asymptotic behavior of A;; when the number of
users, /K, increases.

Theorem 5 As the number of active users®, K, increases, the gap between
the inner and the outer bound on the achievable rate region of a MIMO-MAC
when a statistic S, of the channel realization H, is available at the receiver,
goes to zero if:

o E[|xx|%] is uniformly bounded, i.e. 3 G, > 0 : E[|xx|*] < G, Vk €
1,... K,

e 7 is constituted by independent elements with uniformly bounded
variances, i.e. 3 Gy > 0 azj < G, Y(i,7), where J%j is the
variance of [Z); ;,

Equivalently, as K — oo,
Ay 520 (1.36)
where Ay is given as in (1.33).
Proof: See Appendix A Proof of Theorem 5.

It is important to underline that the upper bound for the sum-rate proved in
Corollary1 for Gaussian distribution can be easily extended to zero mean input
distributions. Then, resorting to Theorem 5, we can conclude that the Gaussian
distributions are asymptotically optimal for all the input distributions with fi-
nite fourth order moments; this is due to the convergence of the upper bound to
the lower bound, which moreover is independent from input distribution and
is achievable for Gaussian ones. This consideration has a very simple inter-
pretation: when the number of users is high, for the Central Limit Theorem,
the random vectors ﬁZx converge to a random gaussian vector, and then the
channel behaves as a Gaussian MIMO MAC channel with perfect channel state
information H and with an increased noise level, for which the optimality of
the Gaussian distribution is well known.

8 Active users are those users whose transmitting power is strictly larger than zero.
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1.2.2 Precoding Optimization

Till now, we assumed fixed covariance matrices Py, of the input distributions.
However, such parameters represent a degree of freedom that we have in the
design of the system: we can therefore carefully choose the precodings matri-
ces Py, in order to optimize the performance of the network. The more natural
choice is to optimize the sum-rate of the system, i.e. the global amount of in-
formation reliably delivered. A closed form expression of the optimal power
allocation strategy for our MIMO-MAC is, unfortunately, not available. A pos-
sible alternative is to consider as figure of merit the lower bound on the sum
rate, which is given by

ILower(P)=F [log ’IL—i—SNR (IL+SNR Qu)‘lﬁpufﬂu ,
(1.37)
with @y = Eg [ZPyZ'], H = [H® ... H®] and H® = Eg[H®),

and finding the power allocation strategy that maximize such a lower bound.
Specifically we can prove the following results:

Theorem 6 Assume that S and H are such that:
H.1 H is modeled according to (1.6), i.e:

a® = urR®APUY k=1,... K

H.2 Qyy doesn’t depend on S and
z® =z®ulP | p=1.. K

are random matrices with independent columns, each column having
entries whose joint distribution is symmetric with respect to zero.

Then the eigenvectors of the input covariance matrix P, that maximizes (1.37)

are given by the columns ofU(Tk).

Proof: See Appendix A Proof of Theorem 6

Let A be the eigenvalue matrix of the input covariance matrix, P}, that
maximizes (1.37). From the block diagonal structure of Py, as defined in
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(1.19), it follows that the eigenvalue matrix, Azj, associated to the matrix
P;, = diag (P7,...,Pj) is given by:

A}, = diag (A%, ... A%) (1.38)

We know that under the hypothesis of Theorem 6:

souPAru® . p=1,. K (1.39)
The next theorem provides the structure of A, withk =1,... K.

Theorem 7 Assume that:
oH .1-H.2 of Theorem 6 hold,

e the joint distribution of the channel matrix H*) and of the statistic S is
such that:

SNRE [ZUTTAMUTZT — (AL (1.40)

with Ay denoting the M K-diagonal matrix whose diagonal ele-
ments are the eigenvalues of Py as defined in (1.19), Ur =

diag <U(T1), e U(TK)> and o = Zfijlw a;[Ayli i

Then, the input covariance matrices P}, with k = 1,..., K, maximizing
the lower bound on the sum rate, are given by:

foUkATUY k=1, K (1.41)

where A}, = diag(\¥*,. .., )\ﬁ}) with k = 1,... K are diagonal matrices,
whose diagonal elements are given by:

_ )\%* -
1x
. 1 —afd
Al
| AR
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where

d=[d,...,d}]

is the K M-dimensional vector solution of the following convex optimization
problem:

K
A~ t oA
e E |log ]IL +sNR Y HO U diag (i) UL H(k)*’]
k J—
M =1 (1.43)
st 1 Y dgg<1-ald k=1, K.
=1

where in (1.43) forall v = 1,...,.M and k = 1,..., K, with di,; we have
denoted the i-th element of dy,.

Proof: See Appendix A Proof of Theorem 7.

Let us underline the importance of the convexity property of the optimiza-
tion problem (1.43); indeed, this implies that the auxiliary vector d can be
efficiently obtained through the interior point algorithm and then the optimal
power allocations A}, can be easily found.
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1.3 Appendix A

Proof of Theorem 1

In order to prove Theorem 1, let us firstly prove the lower bound. To this
end, initially, we assume that P g is positive definite and expand the mutual
information in the following way:

I(xz7;y|S,xc) = h(xz|S,xc) — h(x£|y, S, xc). (1.44)
Assuming X r|s x. Gaussian distributed with covariance matrix P, we have:
h(x7|S,xc) = log |meP £|. (1.45)

Recall here that:
PY — gx®x® = pp®).

Moreover, we can upper bound the second term using the following inequali-
ties chain:

h(X}"y,S,Xc) = h(X}“y,S,Xc,f(]:(y,S,Xc))
< h(xF[S,x¢c,%7(y,S,x¢))
< E[h(exz|S = S, x¢ = Zc)]
(1.46)

where X£(y, S, x¢) denotes an estimate of the input data vector xr, based
ony, S and x¢, while ex, = x7r — X£(y, S, X¢) denotes the corresponding
estimation-error vector.

Letting x#(y, S, x¢) be the conditional linear MMSE (LMMSE) estima-
tor, we have:

A A — A -1 ~
&;:PfH;(HfPfH;JFQJ;C) <y—chC>
(1.47)
where
@ = PEs[®;] + Pl + P®c + Nol (1.48)

while ﬂ(.), <I>(.), and I‘(,) are defined as in Section 1.2.

After some simple algebraic manipulations, the error covariance matrix of
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the estimator, conditioned on S and x¢, in (1.47), can be expressed as, [28]:

— PN ~ o~ -1 ~
Pr— P]:H;_- (H]:P]:H;_- + @_7:5) HrPr.
(1.49)

In order to provide a lower bound of (1.44), we will provide an upper bound
to the conditional differential entropy of the error in (1.46). For this purpose,
the entropy maximizing property of the Gaussian distribution with the same
covariance matrix is exploited. Specifically, applying the inversion Lemma °
to the covariance matrix in (1.49), and exploiting (1.45) we obtain, that for
arbitrary F C U and C C U:

I(x7;y[S,xc) > I (0
=FE [log ‘IL + (@_7:7c)_1 I/:I]:ﬁ]:ﬁ}_-u
(1.50)

Let us now observe that I (xr; y|S, x¢) and the lower bound in (1.50), are con-
tinuous function of P £, in the set of the block diagonal matrices non-negative
definite, [29]. Moreover, it is well known that the closure of the set of the
block diagonal matrices positive definite is the set of the block diagonal ma-
trices non-negative definite; furthermore, we know that (1.50) holds in the set
of the block diagonal matrices positive definite. Then from sign permanence
Theorem, (1.50) still hold for all block diagonal matrices non-negative defi-
nite.

Let us now move on to the derivation of the upper bound for I(xr;y|S, x¢).
From the chain rule of the mutual information, we have that:

I(xF;y[S,xc) = I(xg;yIS,%xc)
—I (%756 YIS, x7uc) (L.51)

From (1.51), an upper bound for I(xg;y|S,x¢c) can be obtained by upper
bounding I(xz;y[S, x¢) and lower bounding I(x75z;y|S, xruc). Thus, in
summary, the derivation of an upper bound for (1.51), boils down to deriving
an upper and lower bound for I(x4;y|S, x ), where A is an arbitrary subset
of U. Concerning the lower bound, we can use (1.50) where A = F and

“We exploit in our derivation the fact that for any square matrix A = B — BC' (CBCT +
D)~ 'CB, we may express its inverse as A~* = B~*+C"D~1C and the well known relation
Al =AY
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A = C. For the upper bound, we expand I (x.4;y|S, x) as:
I(x4;y1S,xz) = h(y[S,x3z) — h(y|S, x). (1.52)

From (1.5) and (1.12), it is obtained that the covariance matrix of y, condi-
tioned on S, x, is:

Es,xj[yyw = I:IAFAI:IL\ + PQy+ P®4+ Nolp.
Thus, the first term in right side of (1.52) is upper bounded by:
h(y|S,x) < E [log ‘ﬁ AP AH+P(Q @)+ Nol H
+Llog(me) (1.53)

where the expectation is over H and x7. Furthermore, from (1.5) and from
Hypothesis 2, y|s x is distributed as Gaussian vector with covariance matrix
Nol;, + P®;, and its differential entropy is given by:

h(y|S,x) =E [log|me (NoIL + P®y) |] (1.54)

with ®;, defined as in Section 2.2.1. Combining (1.52), (1.53) and (1.54), we
obtain:

I(xa;yI8,xz) < luaz
= T+ Aa (1.55)

Naw)

where the gap, A 4, between the lower and the upper bound and is defined as:

INoIL + P4 + Pd|

Ays=FE]|l
A °8 |NoIL + P®y|

(1.56)

Replacing (1.50) and (1.55), in (1.51), we have:

I(x7;y[S,xc) < Iurg

= Lge) —IiFuerue + Ac
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Proof of Proposition 1 Let us consider two subsets .4; C Ay C U. Using
(1.31) we have:

I;, +SNRQ 4, + SNR O
AA1: E [log | L A1 -Al‘:|

’IL + SNR (I’u‘
=E [log I, + SNRQ4, + SNR <I>A—1|}

— Eflog|Ir + SNR ®|]
(1.57)

Using Jensen’s inequality, taking into account that .4; can be decomposed as
=4 AU

and the fact that input signals from different users are zero mean and indepen-
dent, it is obtained that:

Es |a] = Bsp | Parm [+ 0
from which it follows that:

Ay <E [log 1L +SNR €24, +SNREg 7> [@A—rA—JJFSNR @A—Qq
— Eflog|Iz, + SNR ®|]
=E [log [I7,+SNR .4, +SNR <I>A—2]} —E [log [T1,4+SNR ®/|]
= Ay, (1.58)

where we resort to the following equalities:

Es 7 [‘I’AT%} = Qup—a, (1.59)

QAl + QA2_A1 = QA2 (1.60)

From (1.58) it follows that A 4 is an increasing function of the cardinality of
the user subset .A. Thus the maximum gap is obtained when A = U.
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Proof of Theorem 3 Let us evaluate the derivative Az, (SNR ) with respect
to SNR;

d
Ay(SNR)=E [ log |I1, 4+ SNR €|

dSNR dSNR

d
—E log |1 NR @
o e+ sy |

N \,
—F v
[Z 1+ SNR )

i=1

N ,6
_E z; = SNR@” (1.61)
N
i
= [; 1+ SNR
—~  E[3]
B ; 1+ SNRE [] (1.62)
> 0 (1.63)

where in (1.61), \; are the eigenvalues of €2, in increasing order, while j3;
are the random eigenvalues of ®;,, respect to x, again in increasing order; in
(1.62) we have applied Jensen’s inequality and finally in (1.63) we have used
the Schur concavity of the function Ef\i 1 T78NR o, and the fact that:

(3

EA(®y)] = A(E[®y]) (1.64)
= (), (1.65)

where in the above inequalities, the expectations are with respect to the input
vector x, and A(B) denotes the vector containing the eigenvalues of the matrix
B. Now in order to prove the majorization given in (1.64), we demonstrate the
following lemma:

Lemma 1 Given a positive semi-definite random matrix B of dimension N x
N, then E[A(B)] <X A(E[B]), where the eigenvalues are taken in increasing
order.
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Proof: We have to prove that forallr =1,..., N — 1:

E [ZAZ-(B) <> MEB]) r=1,...,N -1 (1.66)
=1 =1
and
N N
E [Z Ai(B)| =) N(EB]) (1.67)
=1 =1
To this end, we have that:
E [Z AMB)| = E| min tr{UBU} (1.68)
i=1 Ueb"
<  min E[tr{UBU}
Ueh
= > X(E[B) (1.69)
=1

where in (1.68) we use [30, Corollary 4.3.18], while in (1.69) we use the con-
cavity of the minimum of a function. Finally, for » = NN, we have:

N
E> XNB)| = E[tr{B}]
i=1
= tr{E[B]} (1.70)
N
= > M(E[B)) (1.71)
i=1
|
Proof of Theorem 4 In order to prove Theorem 4, let us recall here that:
22
Vo >0: r——<In(l+z) <z (1.72)

2

From Theorem 2, we have that the gap between the inner and outer bound on
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the rate region can be upper bounded by

1L, + SNR €|
Ay =E |log ———MMMM— 1.73
u [Og T, + SNR ®y/| (1.73)
where: .
Q= E [zxxT ZT] :
and

1
By = SEx [zxxT zq

Particularizing this expression to our scenario, due to the assumption that Z
has independent elements, we have that €}, and ®;, are diagonal matrices
with diagonal entries given by:

K M
i = Z Z 07 41 [Prlj

k=1 j=1

and
K M

|Xk+J
[@ulii =)D 0tk

k=1 j=1

Therefore, substituting these expressions in (1.73), we obtain:

I K M
Z log | 1+ SNR Z Z Uzkﬂ' [Pk]j,j
i=1 k=1 j=1
’Xkﬂ 2
— E |log 1+SNRZZ Oik+j
k=1 j=1

(1.74)

Applying (1.72) to (1.74), we have:
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L K M
0<A<) SNR Y D 07y [Py,
=1

k=1 j=1
K M

~STE[sNR YN o?y ’Xk;jF

i=1 k=1 j=1

r 2
K M 2 |xpgl?
L (SNR Zk:1 Zj:l Oikt+i P

+> E 5
22

K M C  |Xk+y
(SNR D ket D=1 L %)
2

< LE

_ -¢SNR?C? s

<1 T Y R [l

k=1
0 (1.75)

L—oo
—

where (1.75) follows from the fact that the fourth moment of the transmitted
signal is finite.

Proof of Theorem 5 From Theorem 2, we have that gap between the inner and
the outer bound on the rate region can be upper bounded by

1L + SNR Q|
Ay =FE|log ———M— 1.76
u [Og I, + SNR &y| (1.76)
where: 1
Q= 5E [zxxT A } ,
and

1
By = 5Ex [zxxT VA }

As in the proof of Theorem 4, due to the assumption that Z has independent
elements, we have that €3, and ®;, are diagonal matrices with diagonal entries
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given by:

and

Therefore, substituting these expressions in (1.76), we obtain:

K M ’Xk
L 1+ SNR ZZ i,k+j +]
~A=Y"E |log ’“K -
= 1+SNRZZ 07kt Prlig
k=1 j=1
:ZE [log (1 +y%)] (1.77)
=1

where

is a zero-mean random variable (i.e E [yi—] = 0) with variance

2

1 o S | x5+
oS | (3ot (Pt e
i k=1 7=1
E[(vg))= 2

1 K M
*‘F*SN ZZ 1k+]Pk 3.
k=1 j=1

Now notice that, using the Cauchy Schwartz inequality, E [(y’l—()Q] can be up-
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per bounded as follows:

—SNRQMZﬁk
E[(yx)’]< . (1.78)
L Lo f:t (P}
—_ —_ O' I
K K min £ k
1 2
—SNR2Mp3
< K (1.79)

1 2
<K + SNR O'mum]n)

where in (1.78)

M

Br=)Y E

J=1

4 |Xpot5]2 2
Tkt p Prlij | |

while in (1.79) 8 = max{ﬂk} a , denotes the minimum over all strictly
positive values of 01’ ket g and Pm,n = mk}n tr{Py} which is strictly positive

since we are assuming K > 0 active users. Recalling that aik 45 < G, and
E[|xz|*] < Gz Vk € 1,...,K and j = 1,..., M, we have that the {3} are
uniformly bounded, from which it follows that y}"C converges in mean square
sense to zero, equivalently:

E [y}f(] — 0 m.s.(1.80)

Let us now lower bound (1.77); to this end, we need to lower bound the func-
tion log (1 4 x). Let us consider the function:

1—--L —1l<zx<-4
g(z) = e

where 0 is an arbitrary real number such that 0 < § < 1. Then we have that

log(1+x)+g(x) —-l<zx<—6
log (1+2) > {g(:z:) 2> 6
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=

i
—1<CLK—

Thus we have

02 B [l (14 ¥)] = Bo(vi] + [ low (14 vi) dy

[V
=
o
—
(]
i
S—
+
5}
o
—
—
+
Q
i
S—
>
€
~~
pr—
o]
p—
p—

1
, FSNRQM[?
where 0% = 3.

K 1 5
(I_{ + SNR Uminpmin>

Since g(x) is a continuous and bounded function, we have

Elg(vg)] =0 Vi

(characterization of the convergence in distribution); moreover
o2
log (1 + a’R) 5—? — 0 Vi and V¢,

since o2 goes to zero with K, like %, and x log(z) — 0 when x — 0. Conse-
quently, as K — oo we have that A goes to zero.
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Proof of Theorem 6 Starting from (1.37), we have that:

TLower (P)=E [log ‘IL + SNR QI:IPI:ITH (1.82)
r K

—FE |log ‘IL +SNRQZH<k>PkH(k>T‘] (1.83)
L k=1

K
=E |log ‘IL 4+ SNRQ Z Ul(f)ﬂi(f)f’kﬂﬁf)TUff)T‘]
k=1

(1.84)
where in (1.82)
Q = (I +SNR®y)™!
_ (IL + SNRE [ZPZTD_1
= (1, +swRE[zPZI]) (1.85)

in (1.83) we have used the fact that H®) can be written as

A~

k) k)
a® - uPaPul
and finally in (1.84) and in (1.85) we have denoted Pj, = U P U and
7 — zu®.

We want to show that nonzero off-diagonal entries in Pj, can only reduce
I ower(P). To reach this aim, we define IT; as a diagonal matrix all of whose
diagonal entries are 1 except for the (j, j)-th entry, which is —1. The entries
of ij‘ kl'[} equal those of Py except for the off-diagonals in the j-th row and
j-th column, whose sign is reversed. Also we have tr{P;} = tr{ij)kH}}
and

Tower MLPLILY) = I ger(Py) (1.86)

\ivhere in (1.86) we have used the fact that, since the columns of ﬂﬁff ) and of
Z are independent with a symmetric distribution, reversing the sign of the j-th

column does not alter the distribution. The matrix % (ij’kf[; + f)k) has the

same entries of P, except for the off-diagonal in the j-th row and j-th column,
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which are zero. Invoking Jensen’s inequality:

ILower(HijHj‘) + ILOWGI‘(Pk)
2

ILower (% (1_[]]‘-5191_[}L + f’k))Z
:ILower(pk:)

Hence, nullifying the off-diagonal entries of any column and corresponding
row of f’k can only lead to an increase of ] Lower(f’k). Repeating the same pro-
cess K M times, we find that (1.37) is maximized when indeed P & 1s diagonal
forallk =1,..., K.

Proof of Theorem 7 Since the hypothesis of Theorem 6 are satisfied we know
that the input covariance matrix, P}, that maximizes (1.37) is given by:

rouPAru® gm0 K (1.87)

with A}, denoting the eigenvalue matrix of P}. Thus, letting:

- @euy,. Aoyl
and
Ay = diag (A, A%)
with A7, denoting the eigenvalue matrix of P}, = diag (P7,...,Pj), the

problem of maximizing (1.37) boils down to maximizing
K

SNR N s
O 51NN 514 = (O
E[Iog‘IL+ o) k§_1jH uPau B (] (1.88)

over all possible positive semi-definite diagonal matrices {A} } | such that
tr{A};} < 1; notice that, in (1.88), we assume that the joint distribution of the
channel matrix H(®) and of the statistic S is such that:

SNRQy = SNRE[ZPZ’;ZT} (1.89)
= a(A;)IL (1.90)

with o = Zfij\fl ai[Aglii-
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Next, define D as the following K M -dimensional diagonal matrix:

1
D=—"___Af. 1.91
1+a(A;) (1.91)

Then, (1.88) can be rewritten as:

SNR (k) (kz)‘L T
og + 1 ( A ) 4 T kE~T

SNR
1+ a(Af)
~E [1og )IL + SNR IJIDI%ITH (1.92)

—E [log ‘IL + f{Ag,fIT”

Denoting by A* the vector of the diagonal elements of A;, =
diag (A],..., A%):

* 1% 1% kx kx Kx* K+ T
)\ :[)\17"‘7)\M7"‘7)\17"'7)\ ,...7)\1 7)\]\4]

and by d the K M -dimensional vector:

d=[di1,....dipy.eorditsee s dpatse- oy dic .o drm]’
from (1.91) it follows that:
A = d(1+a(Ay)) (1.93)
_ <1+ZWU§L¢M ) (1.94)
= d(1+a"x) (1.95)
where a is the K M-dimensional vector a = [ay,...,ax]”. From (1.95),

after some algebraic manipulations , it follows that A* and d are related by:
(1—a’d)Xx*=d (1.96)
which is equivalent to:
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Using (1.97), we can rewrite the power constraints, tr{A;} < 1 in terms of
elements of d. Specifically, if X\ satisfies (1.97), then the power constraints
tr{A;} < 1with k = 1,..., K induce the following constraints on the ele-
ments of d: forall k =1,..., K,

M
D dpi<1-ald.
=1

From the foregoing considerations and from (1.92), it follows that maximi-
zing (1.88) over all possible positive semi-definite diagonal matrices A;; =
diag(\*) such that tr{A}} < 1, is tantamount to:

e solving the following optimization problem:
D* = diag(d*) = arg m[f)iXE [log ’IL + SNR fIDPAITH
over all possible positive semi-definite diagonal matrices D =

diag(d) = diag([d1 1, - -, dg, - - - dx.as]T) such that their diagonal en-
tries {dj ; }:

M
degl—afd, forall k=1,..., K,
i=1

e cvaluating \* via (1.97) i.e:






Chapter 2

Applications of MIMO MAC with
Partial CSI

In chapter 1, a MIMO MAC system, in which an arbitrary statistic S of the
channel realization H is available at the receiver, has been describer under an
Information-Theoretic point of view. In this chapter possible setups, where
such analysis is of interest, are described. In particular, two main scenarios
where the perfect coherent reception of signals is totally unrealistic are
considered; in this situation it is opportune to quantify the impact of partial
channel state information. The first analyzed case concerns a cooperative
MIMO network in which the received signals at several base stations are
collected and jointly decoded at a CP, assuming that only a partial CSI is
available to the CP. The second scenario, for which the analysis conducted
in chapter 1 is applied, regards a MIMO MAC channel in which the channel
knowledge at the receiver is obtained through training signals.

2.1 Application to Cooperative MIMO Networks

Coordinating the reception and transmission of signals across spatially dis-
tributed base stations has been shown to improve sum-rate performance by mit-
igating the effects of intercell interference in MIMO cellular networks, [18],
[19]. Concerning the uplink, full network coordination can be interpreted as
having a single base station receiver with spatially distributed antennas across
the network, yielding an instance of a MIMO MAC.

More precisely, let us consider a cellular network with /N base stations,

33
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each of them equipped with L receiving antennas, and serving in total K users,
each of them equipped with M transmitting antennas. The received signal at
the j-th base station is given by:

K

yi = S H®x® 4 n0) 2.1)
k=1

— Hyx+n® j=1,...N, (2.2)

where Hgk) is the L x M channel matrix between k-th user and j-th base, x(¥)

is the M-dimensional input vector for the k-th user and n/) is the additive

symmetric zero-mean Gaussian noise. In (2.2), x = [X(l)T, .. ,X(K)T]T is the
M K -dimensional stacked input vector and H; = [Hgl), Hg-z), e ,Hg-K)} ,

forall j = 1,...N,isan L x M K channel matrix, statistically independent

across j, whose blocks Hﬁk)

that each channel Hg-k) is described by the UIU model [24], i.e.,

are statistically independent across k. We suppose

HY = utIEEIUED) | k=1 K, j=1,...,N, (23)

] w

where Ugw VisaLx L unitary matrix, U(Tk’] Visa M x M unitary matrix, and

Hgf ) is a zero-mean L x M Gaussian random matrix of independent elements
with power profile > e E [| [Hg{’])]i,j 2} = [Eq(f’])]iyj.

By stacking the N received signal vectors in (2.2) to form an LN-
dimensional vector, y = [y(l)T yW )T]T, we can write

y = Hx + n, 2.4)

where H is the NL x MK channel matrix whose (j, k)-th block is the ma-

trix Hg-k) , X is the M K-dimensional stacked input vector, and n is the N L-
dimensional stacked noise vector.

In the subsequent subsections we analyze different types of statistic of the
channels available at the CP. In particular we consider two main scenarios
characterized by different quality of the side information, related to H, that
can be made available at the CP. In both cases the data vectors y; are assumed
as perfectly known to the CP.
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2.1.1 Cooperative MIMO Networks with Incomplete CSI and
infinite-capacity backhaul to a CP

In this subsection we analyze the performance limits of a cooperative uplink
MIMO network in which N base stations send their received signals to a CP
via backhaul links, for joint decoding. We assume that the backhaul links have
infinite capacity. For an ideal joint decoding, the CP requires full CSI (ampli-
tude and phase) for the link from every user to every base. In practice, achiev-
ing full CSI in a large network is very challenging because the low signal-to-
noise ratio on the link between distant bases and users would prevent accurate
channel estimation. Starting from these considerations we assume, denoting
U the set of all users in the network, for all j = 1,..., N, that the j-th base
station has perfect knowledge of the channel matrices of only a given subset of
users, which we denote by C; C U, while for the remaining users @ =U-Cj,
only statistical channel state information (SCSI) is available at the j-th base.
In order to define the subset C; of users whose channel matrices are perfectly
known at the j-th base station, we consider a user-based constraint: full CSI
(phase and amplitude) for a given user is known at () < NN base stations and
each user independently chooses (based on a given criterion) its own set of )
base stations. We refer to () as degree of cooperation [17]. The joint deco-
ding process takes place at the CP wherein, in addition to the statistical CSI
of the channel from all users, for all ; = 1,..., N, unquantized versions of
the received data vectors y; and the channels H;k) with k € C; C U are made
available, thanks to the assumption of infinite-capacity links between each base
station and the CP, that can be used for both the information that have to be
processed.

Under this framework, the statistic of the channel H available at the CP is
given by:

sS={H": j=1..N ad kec) (2.5)

Based on the aforemenfioned consideration, for eagh j=1,....,N, we
define the a N x K matrix E whose (j, k)-th element, [E]; ;, is 1 if if the chan-

nel Hg.k) is known fully at the j-th base and O otherwise, which is equivalent
to saying that forall j = 1,..., N:

_ {likaCj,

[E]j’k: 0 otherwise. (2.6)
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Note that each column of E has only () ones and the other entries are all zeros.

Let . i
H® — mP L aEPn

denote the channel matrix between the k-th user and the NV base stations. Then,
using the notation introduced before, the set of channels, H C), characterizing
the links between the k-th user and its own set of () base stations can be rep-
resented as:

H*9 — H® o (Ek ®1 L1jM> , 2.7)

where E}, denotes the k-th column of E. Consequently, H*) can be re-written
as
H® =HF) + gk

with
HE = HO o (1a1), - (B o 1,1],)). 2.8)
where c and i respectively denote complete and incomplete channel knowledge.

Furthermore, we denote by E the LN x MK matrix E = E® 1, 1}1.
Using the foregoing definition and by introducing

H° = HOE, 2.9)
H = Ho (1,51l - E), (2.10)

where again ¢ and i respectively denote complete and incomplete channel
knowledge, we can rewrite the channel matrix H in a compact form as

H=H®+H" (2.11)

Since the matrices H*<) and H(*) are statistically independent, and by as-
sumption independent across k = 1,..., K, we have that H, S, Eg[H]| and Z
as defined in (1.12) satisfy Hypothesis 2 given in Section 1.2. For this parti-
cular setting, we have

H = FEgH] (2.12)
mte o HE) | HE) (2.13)
— HC (2.14)
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and
Z = Hg - Eg[H] (2.15)
= | HE)  HED) (2.16)
= H. (2.17)

Particularizing Theorem 1 to this scenario, we obtain that for any disjoint
user subsets 7 C U/ and C C U,

IL(]-',C)SI(X]:; Y|Sa XC)SIL(E(;) — IL(W,]—'UC)+ A@

(2.18)

with
1
Iirc) =E [108; ‘ILN +(Qz +Txz+ ®c+ 2Iy) T ] ;
and
TLn + SNR Q2 + SNR &¢|
A== |l 2.19
c [Og I.v + SNR®y| 2.19)

where for any arbitrary user subset R C U,
'z = H5PrHS ',

and
1

Pr = FEXR [H%XRX%H%T ,

while QR = E[‘I’R]
Computing explicitly the above expectations we have that: 2z isa NL x
N L block diagonal matrix with j-th block of dimension L x L, given by:

S UEACIUET ik =1, N,
kEEﬁ@j

where A(FJ) is a diagonal matrix, whose (i, %) entry is given by:

)

[AED]; = tr {U(Tk’j)PkU(Tk’j)TDEk’j)} (2.20)
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with Y . ;
Dl(' J) diag ({2%])]“, e [2%“’])]2‘,M]>

Similarly, ®% is a NL x NL block diagonal matrix with j-th block, of
dimension L x L, given by:

S ulIBEIUEDT Wi =1, N, @21)
kERﬂéj

where B(%) is a diagonal matrix, whose (i,17) entry is given by:

[B(k’j)]i,i = %tr {U(Tk’j)kaLU(Tk’j)TDEk’j)} . (2.22)

Let us, now, present a case of study to obtain insights about the behavior
of the system. We consider a cluster of N = 3 base stations, as illustrated in
Fig. 2.1, each at the center of an ideal hexagon, serving K = 2 users per cell
at any one time and frequency resource. We assume that the users are placed
uniformly inside each hexagon, of normalized ray R = 1, at a normalized
distance greater than 0.1, from the center.

Figure 2.1: Cluster of N = 3 hexagonal cells.
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Each base station is equipped with two receiving antennas, L. = 2. Fur-
thermore each user has M = 1 transmitting antenna. The channel matrices

H;k) are characterized according to (2.3):

HY = Ik Yk (2.23)
= \Jd UG AG wk) (2.24)

N ; — . . o
where U(Tk’J) =1 since M =1, Hgf’]): dj ,ZAI({C’J)W(’W), and w(*J) is an
i.i.d. L-dimensional zero-mean Gaussian vector with unit variance entries. In
(2.24), Ugw ) and Al(f’] ) count for the correlation at the receiving antennas,

while 4 /dj_lz counts for the path loss attenuation of the signal with d; ;. denot-

ing the distance between the k-th user and the j-th base station. Specifically,
denoting by Eﬁ’k = U}({k’] )Agw )Ul(f’j ) the L x L receive correlation matrix,
we assume:

[Eﬁ]z,l' _ %6—0.5d§\l—l’|ez’27rf0/ccos(0’l§)(l—l’) (2.25)

where fj is the carrier frequency, c is the speed of light, dr is the receiving
antennas spacing of the Uniform Linear Array (ULA) and 6F is the angle be-
tween the direction defined by the receiving ULA of the base station and di-
rection passing through the base station position and the k-th user position.
For this example, we assume that each user selects the () nearest BSs, taking
in account for the distance-based pathloss. Specifically, for each user index
ke {1,..., K}, we can always find () base-stations indices (j1, ..., jg) such
that:

e ke ﬂszl Cjp»

n€{17~~N}—{jp}£;11

n,k-

In Fig. 2.2 we analyze the average sum-rate of the system, with respect
to the random position of the users, in terms of its lower and upper bound as
given in (2.18), for two possible degree of cooperations () = 1 and ) = 2.

We see that the lower and upper bounds are very tight in both case and thus
they well describe the performance limits of the system. As expected, increas-
ing the degree of cooperation produces an improvement of the performance.
Moreover, in the case ( = 1, the system is interference limited since the ma-
trix €2, is positive definite, for all user positions, while in the case () = 2 the
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Figure 2.2: Lower and Upper bound of the sum-rate of a cooperative MIMO
Network with incomplete CSI and infinite-capacity backhaul to a CP, with
degree of cooperations @ = 1 and QQ = 2.

sum-rate continues to increase, since, with a non-negligible probability, at least
one base station knows all the user channels. Finally, note that the degree of
Cooperation needed to obtain good performance compared with the ideal case,
has to increase with the amount of power used to send information, underling
the increasing importance of the quality of the side information, with respect
to the operating SNR.
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2.1.2 Cooperative MIMO Networks with Imperfect CSI and
infinite-capacity backhaul to a CP

In this subsection, we extend the analysis of a cooperative MIMO network with
degree of cooperation (Q, as described subsection 2.1.1, to the case where only
a quantized version of the channel matrix H® = [H(9) ... H®E)] with
H(*) defined as in (2.7), is available at the CP. Denoting by S the statistic
of the channel realizations available at the CP and using the same notation
introduced in Subsection 2.1.1, we have that

s = [sW,... s (2.26)
where S(*) = Hgk < with H((‘k ) denoting the quantized version of the matrix
H(* <) This scenario can be a meaningful model for a time-division-duplex
(TDD) MIMO network where each user perfectly estimates his channels with
the own set of @) selected base stations, using powerful training signals trans-
mitted by those base stations, and then sends back to them a quantized version
of such channels, using system control channels !.

Since the users are spatially separated, we have to consider the further con-
straint of distributed encoding: the k-th user, after perfectly estimating H(¥<),
quantizes it independently from the other users, and consequently with inde-
pendent quantization errors. We assume that each user compresses H(*) to
within a prescribed distortion level Dy, determined by the available feedback
bandwidth and the rate-distortion characteristics of the channel.

Given this setup, considering the optimal quantizer for Gaussian random
vectors, we have that:

H=[H9. .  HI) 2.27)

and
Z = Hg - Eg[H] (2.28)
[z, ...z (2.29)

'A second setting, where the above scenario can be a meaningful model, is a setup where the
base stations perfectly estimate their channels and forward a compressed version of the channels
to the CP through a lossless link of finite capacity.
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where
2" = Hig, —EgwH)] (2.30)
Hoo —Hy'© (2.31)
H*) 4+ 7). (2.32)

In (2.30), Zék) is a zero-mean Gaussian random matrix independent across

k = 1,...,K and such that Vec{ng)} € CINM is an LM N-dimensional
zero-mean Gaussian vector whose covariance matrix, D(*)*, is given by the
solution of the following optimization problem, [31], [32]:

+ +
min <log’Q(k)‘ —log’D(k)’ )
D)

(2.33)

st. : 0=D® <Q® (D} < DK

where D) is such that E [HH(’“) - Hgkc)HQ} < Dy, while Q) denotes
the covariance matrix of LM N-dimensional random vector vec{H®* <)} ¢
CENM From the solution of the optimization problem given in (2.33), it fol-
lows that D(*)* = UQ<k>A%€) U;[)(m where U, ) is the eigenvector matrix of

Q*) while Agj )" is the solution of the following reverse water-filling

’ if o <[Aqwli
Ap) i = ; ? Qe 2.34
[Ap’ 1i, { [Aﬂ(k)]i,i if n> [AQ<k>]i,z‘ (2.34)

with 7 such that tr{Ag)} < D),

Since ng) and H*) are Gaussian random matrices statistical indepen-
dent, independent across £ = 1,..., K and independent from S, then Hy-
pothesis 2 holds. Particularizing Theorem 1 to this scenario we have that: for
any disjoint user subsets 7 C U/ and C C U,

IL(}—,C)SI(X]‘—7 y‘Sv XC)SIL(é’C) - IL(W,FUC) + Aé
(2.35)
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with
1
Ii(rc)=E [10g ‘ILN +(Qz + Tz + ®c + 2 11w) F]—'H )

and

(2.36)

I SNR 2~ + SNR ®
Ac:IE[logyLNJr et Cq

|Izn + SNR ®|

where for any arbitrary user subset R C U,

I'r = QrPrQgx1,

and

1 ; ; 1
q)R = FEXR [H%QXRX;QH%QT} + FEXR [ERXRX%ERT} .

with Qr = E[®%], while Qr and Ex represent matrices formed, respecti-
vely, from Hg= [Hél C), cees HéK C)} and Z, = [Zgl), Ces ZgK)} , by deleting
the blocks not indexed by the elements of K.

Asin Section 2.1.1, L Ey [HinRx;zHﬂ is a N'Lx N L block diagonal
matrix with j-th block, of dimension L x L, given by:

k‘ERﬁ@j

where B(¥7) is a diagonal matrix, whose (i,17) entry is given in (2.22).
On the other hand, %EXR [ERXRX%ERT is a NL x NL matrix which

depends on the set of matrices {D*)},cr.

As case of study, we consider exactly the same scenario, the same propa-
gation model and the same proximity-based cooperation protocol considered
in Subsection 2.1.1. However, in this case we assume that the CP has only a
quantized version of the channel matrix H¢. Specifically, we assume that each
user perfectly estimates his channels with respect to his own set of () base sta-
tions and then forwards a quantized version of the estimate to the base stations,
which send them and the received data signals to the CP via infinite-capacity
links.

For this scenario, we study the performance of the Cooperative MIMO
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Network as function of the quantization rate dedicated by each user in for-
warding the compressed version of his channels. We assume that all the users
set a given common feedback rate R(D) in order to send the quantized channel
coefficients.

In Fig. 2.3, we illustrate the mean lower and upper bounds, with respect to
the random position of the users, of the sum rate for a set of quantization rate
given by R(D) = {1,2,4, 8,16}, when the degree of cooperation, @, is equal
to 3. As we can see, increments of the quantization rate imply increments of
the lower bound and decrements of the gap between lower and upper bound
thanks to the reduction of the quantization error. Moreover, growing the oper-
ating SNR the quality of the channel state information, in terms of quantization
rate, has to increase to obatin good performance compared to the ideal case.
Let us, also, observe that the amounts of side information, appear to be high
with respect to achievable sum-rate. However, we have no-take in account the
coherent time of the system that reduce the effective quantization rate.

301

sum-rate (nats/sym)
o N N
> 5 3

s

o

0

Figure 2.3: Lower and Upper bound of the sum rate, with degree of coop-
eration (Q = 3, for several values of the quantization rate, and quantization
performed by the users.

In Fig. 2.4, we illustrate the mean lower and upper bounds of the sum
rate when the degree of cooperation () = 2 and the quantization is per-
formed by the BSs. Again, we consider as a set of quantization rate, given by
R(D) = {2,4,8,16,32}. We can note that, for low values of the rate R(D),
there is an improvement of the performance with respect to the behavior of the
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system when the quantization is performed by the users. In fact, although there
are some matrices that are not known, the base stations have more degrees of
freedom in order to better allocate the resources. However for high values of
the rate R(D) we can see a reversed behavior: in this case it becomes more
and more important to represent all the channel matrices. The limit behavior
for R — oo is the one illustrated in Fig. 2.2.

sum-rate (nats/sym)

Lower R=32

ol— L L L L L L
-5 -13 -1 -9 -7 -5 -3

Figure 2.4: Lower and Upper bound of the sum rate, with degree of coop-
eration (Q = 2, for several values of the quantization rate, and quantization
performed by the BSs.
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2.2 Training Based Systems

In most of telecommunication networks, before the transmission of the infor-
mation, there is a synchronization phase during which the receiver estimate
the channel matrix. In particular a standard technique to allow the receivers
to estimate the channel matrix consists in the transmission from the users of
training sequences among the data, i.e. a set of symbols whose location and
values are known to the receivers, [20]. Therefore, in this section we describe
a multiple-user, correlated MIMO channel where the channel statistic S is ob-
tained through a dedicated training phase, i.e. a training base system. Specif-
ically, we consider a MIMO MAC, with i.i.d. block fading, where each block
is divided into training and data transmission phases. The length of the trai-
ning phase is Nt channel uses. Denoting by \/PiTtZ(k) the training vector of
dimension M sent by the k-th user at the ¢-th channel use, where Pr is the
normalized (per antenna) available power for the training phase per user, from
the uplink channel model (1.1), the received signal at the i-th channel use,
1=1,..., Nt,is given by:

yi = VSNR7Ht; + n, (2.38)

where y; is the L-dimensional output vector at the i-th channel use, t; =
[tgm, e ,th)w is the M K-dimensional normalized training vector at the
i-th channel use, SNR7 = %, H is the Channel matrix, assumed zero mean
Gaussian, and finally n is the additive circularly symmetric zero-mean Gaus-
sian noise with unit variance. Compacting the entire training phase in a matrix,

we have:
Yr=+SNRTHT + N, (2.39)

where Yt = [y1, ..., YN, has dimension L x Ny, T = [T(I)T, ...,T(K)T]T
has dimension MK x Ny, with T*) = [tgk), - tg\]?T)] denoting the M x Nt
normalized training matrix for the k-th user, whose ¢-th row contains the nor-
malized training sequence transmitted by the k-th user from its /-th antenna.
Furthermore N is a zero mean Gaussian random matrix of dimension L x Nr,
with i.i.d. entries of unit variance. We impose a power constraint on T®*),
specifically

Ry < _
MNTtr{T T }_1, k=1,... K. (2.40)
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For this scheme, we have that S = Y,
H = Eg[H] = Ev, [H],
and the innovation matrix is given by
Z =H - Eg[H] = [zW), ..., 25,
with

z) = g®) — Eg[H®),

and satisfies Hypothesis 2. Let us characterize Z. Using a vector representa-
tion, (2.39) can be equivalently expressed as:

yr = v/SNR7Th + n, (2.41)

where T = I, ® TT, yr = vec{Yr}, h = vec{H} and n = vec{N} are
the column vector obtained by stacking, respectively, the rows of Y1, H and
N. Now, evaluating the MMSE-estimation of the channel coefficients based
on observable yT, given in (2.41), we have:

flmmse = /SNR TChTT(ILNT + SNR TTChTT)_lyT (2.42)

where Cp, = E[hh'] is the covariance matrix of the channel random vector
h. Then, for a fixed training sequence T, the corresponding error covariance
matrix, Ce(T), is:

Ce(T)=E [(h — Bmmee) (h — ﬁmmse)q (2.43)

~ ~ ~ N\ — L
= CL—SNR TChTT (ILNT + SNR TTChTT) TCy,

where e=vec{Z} =h — hmmse. If Cy, is invertible, using the inversion lemma,
C. admits the following expression:

Co(T) = (C,,* +SNR7TIT) (2.44)

In the following, for sake of simplicity, with no loss of generality, we assume
that tr{Cp} = 1. In subsequent subsections, we discuss about the design of
the training sequences, the precodings that have to be used by users, conclud-
ing the section with some numerical results.
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2.2.1 Optimal Training-Sequences Design

In this subsection, we consider the optimization of the training sequences, fo-
cusing on two figures of merit:

e the trace of C¢(T), which is related to the expected square norm of the
error vector,

e the determinant of Ce(T), which is related to the average volume in
which is concentrated the error vector. Notice that |Ce(T)| # 0 if and
only if Cy, is invertible.

For both the figures of merit we are interested in finding the minimum. In
particular the optimization problem that we consider is:

min T
TGC}\/IKXNT f( ) (2.45)

1 T s
5.t Wtr{TiTi} <1i=1,.. K

wherein f(T)=tr {Ce(T)} or f(T)=|Ce(T)].

Let us now observe that in the case Nt > M K we have that the matrix
TT' can be full rank, while in case Ny < MK the matrix TTT is rank-
deficient. We will discuss separately the two cases.

Full rank case
When Nt > M K, the two optimization problems can be transformed in con-
vex optimization problem, which can be efficiently solved through the interior
point method. However, an explicit expression for the optimal training se-
quences can be found as illustrated by the following theorems.

Theorem 8 Assuming that each channel matrix H®) |k =1,... K, is char-
acterized through the UIU model in (1.6), then the optimal training sequences
solving (2.45) with f(T)=tr {Ce(T)}, are given by:

T® = (excx @ UL VTR0,V (2.46)

where V can be any arbitrary Nt x Nt unitary matrix, U(Tk) is defined as in

(1.6), and Y¥* isa M x M diagonal matrix whose diagonal elements satisfy
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the following conditions:

L
1 2 1 (k)
0 Y BN < g 25
Tg.'“)*: . L= MNT <= (2.47)
k
% otherwise
i=1F;
where

2
sNR T (0],

(1+SNR[E()], T2

b« \

L
Proof: See Appendix B Proof of Theorem 8.

Theorem 9 Assuming that each channel matrix H® k=1,....K, is char-
acterized through the UIU model in (1.6) with Cy, having full rank, then the
optimal training sequences solving (2.45) with f(T) = |Ce(T)| are given by:

T® = (e © UN VY01, (Vv (2.48)

where V can be any arbitrary Nt X N unitary matrix, U(Tk) is defined as in
(1.6), and Y®E* jsa M x M diagonal matrix whose diagonal elements satisfy

the following conditions:

L 1 M ®

0 122(10 i < Z<1_’7‘ )

(k) — bi = M N7 J
'T‘j — . — j=1 (2.49)
ST G, ® otherwise
j=1
where .
k) 1 1
nj - (k)=

L= 1+ snR[SW), T

Proof: See Appendix B Proof of Theorem 9.
The key information that we obtain from the above Theorems are that, for both
the figures of merit, different users have to send orthogonal training sequences
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and not all the channel coefficients are equally important. In practice, refer-
ring to Hz(f ) , those channel coefficients whose power is small compared with
the other channel coefficients and the background noise, are not important and
the transmitted power is better utilized in channel coefficients that exhibit a
higher mean square value. Obviously the way in which the power is allocated
depends on the specific figure of merits, considered. Let us observe that the
previous results generalize, to the multiple user setting, the design of the trai-
ning sequences given in [33], for the point-to-point MIMO channel. Moreover
we don’t restrict the attention to the only virtual channel representation, as
done in [33], and also find a fixed-point equation that have to be solved for the
optimal power allocation.

A totally close-form expression for the singular-eigenvalues of T can be
found for the setting illustrated in the subsequent theorem.

Corollary 3 Ifforall k = 1,..., K H"® s characterized through the sepa-
rable model with uncorrelated transmitting antennas, then uniform power al-
location policy across the singular-values of T is optimal, i.e. )\§-k) = Nr
forallj = 1,..., M and k = 1,..., K, for both f(T)=tr {Ce(T)} and

f(T) = |Ce(T)|.

Let us observe that, as concerning the training dimensioning, if instead of
considering the MMSE covariance matrix, we consider the error covariance
matrix of maximum likelihood (ML) estimate, it is easy to prove that uniform
power allocation policy across the singular-values of T is optimal in the sense
of minimizing the trace or the determinant of the ML error covariance matrix.

Rank-deficient case
Let us now consider the case Nt < M K. In general the problem (2.45), in the
rank-deficient case, cannot be converted to convex problems, and so the clas-
sical Lagrangian method cannot be used to solve it. The general optimization
problem in (2.45), when C¢(T) is an arbitrary matrix, is still an open problem.
However it can be proved that:

Theorem 10 If H®), with k = 1,...,K, are statistically equivalent, with
i.i.d. entries, then the optimal training sequences for the optimization problem
(2.45) are given by

T® = VMKUWV, (2.50)

where V can be any arbitrary Nt x Nt unitary matrix (for simplicity we could
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assume V = In,) and UW is a M x Nr unitary matrix given by

uk — (eK K ® IM)QWI(NT

where Q is a per-column permuted version of a generic unitary matrix Q, of
dimension MK x MK, such that, forallh =1,... MK,

Nt
o _ MNr
;[Qm,i =K 251)

Examples of such a Q are the Fourier matrices and the Hadamard matrices,
for which any permutation Q. satisfies the condition (2.51).

Proof: See Appendix B Proof of Theorem 10.

In the following we give an heuristic algorithm whose outcome represents a
possible choice of training sequences in the case that Nt < M K under the
assumption that Ny = 9K withd € {1,..., M}.

Specifically we will assume that the users send orthogonal training se-
quences, and ¢ orthogonal direction are allocated to each one. Then the trai-
ning sequences that we consider are given by:

1
T® = <eK,k 2 Updr® 2) \% (2.52)

where U(Tk) is defined as in (1.6), V is a ¥ K x ¥ K unitary matrix and V Y (k)
is a M x ¢ matrix with zero off-diagonal elements and whose J diagonal
elements satisfy the following conditions,

L
0 if £ [ ,J—MNTZﬁ(k
=1

j=1 (2.53)

Tk =
J MNT/8<k)

5 otherwise
Z k
;\J 1 ﬁ; )

where
SNR T [E(k)]

(1+sNR[ZW), JTg’“))?’
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if f(T)=tr {Ce(T)}, otherwise, if f(T) = |Ce(T)],

L 9
) 1 k
. if 5 Y S < g 2 (=)
T§ )— =1 Ti=1 (2.54)
MNr(1-n{") .
W OtherWISe
J= J
where ;

w_ 1 1
7L ZZ; 1+ sNR[EG), T

] ]

Let us observe that the training sequences given in (2.52) achieve the same
performance of the one given in (2.46) or (2.48), when Ny = K M, and, when
are satisfied the hypotheses of Theorem 10, we obtain the same performance
of the one given in (2.50).

2.2.2 Robust Training-Sequences Design

When the parameters characterizing the second order statistic of the channel
matrices H*) are unknown to the transmitters, a robust training-sequence de-
sign is needed. More precisely, the training sequence can be designed follo-
wing a max-min approach, so that T is designed to minimize the worst-case
cost under all possible error covariance matrices. Specifically, in the case that
Ch, has full rank, T is designed as the solution of the following min-max prob-
lem:

n}linnéaxf((cl:l +SNR7TIT) ™), (2.55)
h

where the minimum is over all possible training sequence such that

M}VT tr{T(k)T(k)T} <1, Vk € U and the maximum is over all possible cova-

riance matrices Cy, such that tr{Cy } = 1. In (2.55) we assume either:

FUCHt +SNRLTIT) ™) = tr {(C}j1 + SNR TTTT)*} ,

or

. 1
C: !y sNRTIT) ) = .
f((Cy rT'T)™) IC,.t + SNRTIT]|
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In the following we assume that the transmitters have complete lack of
prior information on Cy, . We further assume that Nt > M K. Under this
hypothesis, the training-sequences matrix T designed based on the min-max
approach, in (2.55), is given by the following theorem:

Theorem 11 The training-sequences matrix T which solves (2.55) i.e.:

min max f((Cp' + SNR7TIT) 1),
T Cp
where the minimum is over all possible training sequences satisfying the power
constraints in (2.40), while the maximum is over all covariance matrices Cy
such that tr{Cy} = 1, is given by:

T = /N, 107 (2.56)

Proof: See Appendix B Proof of Theorems 11.

Theorem 11 still holds for the case that Cy, can be not full rank. In this
case the only option for a robust design of the training sequences is focus on
the trace of the error covariance matrix Cg as given in (2.43). In this case we
can prove the following result:

Theorem 12 The training-sequences matrix T which solves:

. . o —L

mrIi‘n HcljaX tr {Ch — SNR TChT]L (ILNT +SNR TTChTT> TCh} ,
h

where the minimum is over all possible training sequences satisfying the power

constraint in (2.40), while the maximum is over all covariance matrices Cy,

such that tr{Cy} = 1, is given by:

T = /NrLyy, (2.57)

Proof: See Appendix B Proof of Theorems 12.
Then the robust training sequences, correspond to orthogonal and equi-

energetic sequences, as intuitively we could expect starting from an ML esti-
mation approach.
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2.2.3 Precoding Optimization for Training Based Systems

In this subsection we evaluate the optimal precoding for the lower bound to the
sum-rate, given in (1.37), in the context of training-based statistic S, specia-
lizing the results given in subsection 1.2.2. The attention is focused on the case
when T has full rank, since in rank-deficient condition the optimal training-
sequence structure is still an unsolved problem in general. Concerning the full
rank case, we can prove the following results:

Theorem 13 Assume that H is modeled according to (1.6), i.e: HF) =
t
UPHPUY forallk =1,..., K, and that Ny > KM.
If the training sequences are optimized based on Theorem 8 or Theorem 9,
then the eigenvectors of the input covariance matrix P}, that maximizes (1.37)

are given by the columns ofU(Tk).

Proof: See Appendix B Proof of Theorem 13.

Theorem 14 Assume that H is modeled according to (1.6), i.e:
k k) gy (k) gk’
H® = uPHG U]
where forallk =1,... K, ng) is given by the outer product
k
21(5«‘) — )‘1(2 )1MT

with /\gf) denoting a L-dimensional vector of non-negative entries . If
Nt > KM and the training sequence are optimized based on Theorem 8
or Theorem 9, then the input covariance matrix Pj, that maximize (1.37) is a
scalar matrices, i.e.:

P;:%IM k=1,...,K (2.58)

where o1, <1 k=1,... K.

*Note that this assumption is equivalent to say that H is modeled according to a sepa-
1 1
rable model, ie: H® = ZEZWHRE® for all k = 1,...,K where % = I,

Bk = UM diag(Ag ) UL and W is a L x M matrix with i.i.d. enties.
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Furthermore, the set of {PZ}szl given as in (2.58) with o, = 1 k =
1,..., K, is a Nash equilibrium point for the payoff function:

’SZ{L17"'7LK}

where Ly, denotes the lower bound on the rate of the k-th user i.e.

L,=E [mg ‘I HOU + Tpept)m(ir} + o D) Tingi} H

for a fixed chosen decoding ordering, m, of the users at the base station.

Proof: See Appendix B Proof of Theorem 14.

Theorem 15 Assume that H is modeled according to (1.6), i.e:
H® = uPEGUTP

where forallk =1,..., K, 21(5) is given by the outer product

1
»(k) = ZlLA(T’f)T

with )\(T ) denoting a M-dimensional vector of non-negative entries. 3

If Ny > KM and the training sequence are optimized based on Theorem
8 or Theorem 9, then, the input covariance matrices P**, withk = 1,... | K,
maximizing the lower bound on the sum rate (1.37), are given by:

P —UkAzUY k=1, . K (2.59)

where A*), = diag()\]f*, ... ,)\ﬁj), with k = 1,... K, are diagonal matrices,
whose diagonal elements are given by:
1
Af = ; d
1—(Ar—%)'d

(2.60)

where

3Note that this assumption is equivalent to say that H is modeled according to a separable
1 1
model, i.e: H®) = B2 WHSE? forall k = 1,..., K where S5 = U diag(Ar) U,
3§ = +1.and Wis a L x M matrix with i.i.d. entries.
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oY = [Tgl)*, el TS&[)*, e TgK)*, e Tg\f)*] with T§-k)* given either
by (2.47) or (2.48),

o M\t is the K M-dimensional vector defined as: At = [)\(Tl), e )\(TK)].

o d= [dJ{, e ,d}(]Jr is the the K M -dimensional vector whose elements
are the non-negative solution of the following convex optimization prob-
lem:

max E

K
N ) toa ot
o ‘I +snR STHOUP diag (d,) U H(k)‘
e g|1o > r diag (dg) Uy

v k=1 ] (2.61)
st 0 > dpi<1-(Ar—v)d, k=1,... K
=1

with dy, ; denoting the i-th element of dy,.

Proof: See Appendix B Proof of Theorem 15.

2.2.4 Numerical Results for Training Based Systems

In this subsection we present some numerical results to obtain insights about
the behavior of a training based system. In our numerical evaluations, we
consider a MIMO MAC with i.i.d. block fading, where each block is divided
into a training phase and a data-transmission phase. The coherence time of
the channel (i.e., the duration of each block) is denoted by 7.. The scenario
analyzed is constituted by a base station, located at the center of a hexagonal
cell of normalized unitary radius, and four users, X' = 4, uniformly distributed
in the cell, with a normalized distance from the center greater than 0.1. We
assume that the base station is equipped with four receiving antennas, L = 4,
and the users are equipped with two transmitting antennas, M/ = 2. Moreover
we assume H modeled according to (1.6), precisely:

HE = yPaEUE'

where for all £ = 1,... K, ng) is given by an outer product of an L-
dimensional vector ’\1(2k) f and an M -dimensional vector )\(Tk)T i.e. 21(5 ) =
Bt

)\I(f) )\(T . Under this model, which is commonly known as separable model,
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H®) admits the following equivalent expression:

1 1
HE*) — \/az:g?W(k)z:%? (2.62)

where W*) is a 4 x 2 matrix of i.i.d. zero mean Gaussian random va-
riables with unit variance, d, is the distance between the k-th user and the

base station, 4 /d,?Y takes in account for the path loss attenuation of the signal,

LIS U(Tk)diag()\T)U(Tk)T and Bf = Ul({k)diag()\R)Ul({k)T are, respectively,
the 2 x 2 correlation matrix at the transmitting antennas and the 4 x 4 corre-
lation matrix at the receiving antennas, described by the following parametric
models:

(S, = e 054zl (2.63)

K] = ie—O.Bd%U—l’\ei27rf0/ccos(9’1‘;t)(l—l’) (2.64)

where f{ is the carrier frequency, ¢ is the speed of light, dt and dg are, respecti-
vely, the transmitting and receiving antennas spacing of the Uniform Linear
Array (ULA) and 9{3 is the angle between the direction defined by the recei-
ving ULA of the base station and direction passing through the base-station
position and the k-th user position. In all our numerical results, we suppose
that all the users transmit at the maximum available power P, with covariance
matrix Py = ﬁl  and that the training power Pr, defined in Section 2.2,
equals %, i.e. we use the same power per antennas in both the phase.

In particular in Figs 2.5, 2.6, 2.7, and 2.8 we illustrate the behavior of the
training based system, for different transmitting and the receiving antennas
spacing, in terms of the average sum-rate (left plots):

I(x;y]S), (2.65)

and the average rate of the nearest user, which we denote by k*, to the base
station that we assume to be the first decoded using successive interference
cancelation (right plots):

I(xr;y|S, x¢). (2.66)

with 7 = {k*} and C = (. In order to evaluate (2.65) and (2.66), we use the
proposed bounds, given in Corollary 1 and Theorem 1. For each scenario
we consider two different values of the training duration Ny, specifically:



58 Chapter 2 Applications of MIMO MAC with Partial CSI

N7 = 8, for which we are in the case of full rank condition, and Np = 4.
In the first case we use the results given in Subsection 2.2.1, Figs 2.5 and
2.7, and given in Subsection 2.2.2, Figs 2.6 and 2.8, to design the training se-
quences, while in the second case we assume that the users send Hadamard
training sequences, although there is no optimality criteria. As already said,
for all the plots we assume isotropic inputs (i.e. P = ﬁI ) due to different
motivations. First of all, in the case of independent transmitting antennas it
represents the Nash equilibrium solution and is the optimal one when we con-
straint the transmitted power to be the maximal one; moreover it is the optimal
approach (in the min-max sense) when no prior information on the channel
characterization is available at the transmitter; finally, since we are not able to
optimize, in no-full rank case, the lower bound to the the sum rate, we can at
least conduct a fair comparison between the performance of the full rank and
no-full rank scenarios. From the plots, we see that, in all the situations, the

181 5
Lower N8
16 O LpperN®
O Louer N4
* 4

sum-rate (nats/sym)
First User rate(nats/sym)

e e St ol e
-15-13-11 -9 -7 -5 ’3S’N’\R(1dB)3 5 7 9 1113 15 -15-13-11 -9 -7 -5 ’38':‘1R (WdB)E 5 7 9 11 13 15
Figure 2.5: Sum-rate (left plot) and nearest user’s rate (right plot) of a
MIMO MAC with uncorrelated transmitting antennas, dp = A and either

2
NT:801'NT:4.

upper and lower bound are tight, specially in the full rank condition, thus, the
lower bound describes well the limiting performance of the system. Moreover
the loss with respect to the ideal case of coherent reception is moderate in full
rank condition. We can also observe that in the case of rank deficient condi-
tion, the correlation at the receive antennas has a large impact on the limiting
performance of the system. More precisely, in the presence of high correlation
between the receive antennas, the lower bound increases with SNR, in the ana-
lyzed range, while in the case of low correlation, we observe a quick saturation
in the performance. Intuitively, high correlation between the receive antennas
makes it easier to isolate the users by direction of arrival, which lowers inter-
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w

sum-rate (nats/sym)
First User rate(nats/sym)

915—13—11 9-7-5-3-11 3 5 7 9111315 915—13—11 9-7-5-3-11 3 65 7 9111315
SNR (dB) SNR (dB)

Figure 2.6: Sum-rate (left plot) and nearest user’s rate (right plot) of a
MIMO MAC with dy = %, dg = 3, and either Ny = 8 or Ny = 4.

ference between users sending the same training sequences and permits better
channel estimation. This in turn allows the sum rate to not quickly saturate
with SNR. Another important figure of merit to analyze is the total throughput

250 5

A4 e N8

sum-rate (nats/sym)
First User rate(nats/sym)

915»13»11 -9-7-5§-3-11 3 5 7 9 11 13 15
SNR (dB) SNR (dB)

Figure 2.7: Sum-rate (left plot) and nearest user’s rate (right plot) of a
MIMO MAC with uncorrelated transmitting antennas, uncorrelated receiving
antennas, and either Nt = 8 or Ny = 4.

of the MIMO MAC, which is defined as:

_ T.— Nr

T T

I(x;y[S), (2.67)
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sum-rate (nats/sym)
First User rate(nats/sym)

0 0
-15-13-11-9 7 -5 -3 -1 1 3 5 7 9 11 13 15 -15-13-11-9 7 -5 -3 -1 1 3 5 7 9 11 13 15

SNR (dB) SNR (dB)
Figure 2.8: Sum-rate (left plot) and nearest user’s rate (right plot) of a
MIMO MAC with dr = %, uncorrelated receiving antennas, and either

NTZSOI'NT=4.

where T, is the coherent time, the statistic S available at the receiver is ob-
tained from training data as in (2.39), and finally the factor T‘%FNT takes in
account the overhead introduced by the training. In Figs 2.9 and 2.10 we as-
sume uncorrelated transmitting and receiving antennas. We also consider two
different values of the training duration Nt = 8 or Nt = 4 and two different
value of SNR: for the left plots we assume SNR = —10dB and for the right
plots we have SNR = 10dB. For comparison purposes, all the figures also il-
lustrate the throughput for the case of perfect CSI. More precisely, in Fig. 2.9,
we illustrate lower and upper bounds for the total throughput given in (2.67).
In order to evaluate such lower and the upper bounds, we simply replace, in
(2.67), I(x;y|S) with its proposed lower and upper bounds, as given in Corol-
lary 1. Figure 2.10, instead, illustrates the throughput of the nearest user that
we assume to be the first decoded, using successive interference cancelation,
at the base station. As previously seen, plots show that for both Nt = 8 and
Nt = 4, the upper and lower bounds are tight. From the plots, it is also clear
that a reduction factor of 2 in the training-sequence length translates into a re-
duction in the throughput that is more and more evident for high 7. It is worth
noticing that the tightness of the lower and upper bounds, as well as the bene-
ficial effect of full-rank training matrix T (i.e., orthogonal training sequence),
compared with rank-deficient training matrix T, holds also for different values
of SNR.
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Figure 2.9: Total throughput of a MIMO MAC with Nt = 8 and Nt = 4:
the left curve is for -10 dB and the right curve for 10dB.
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Figure 2.10: Nearest user’s throughput of a MIMO MAC with Ny = 8 and
Nt = 4: the left plot is for -10 dB and the right plot is for 10 dB.
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2.3 Appendix B

Proof of Theorem 8 We first prove the result for the case when Cy, is full rank.
In proving Theorem 8 we proceed by steps:

Step 1: We start by finding a lower bound of the MMSE on the estimate of the
channel matrix H;

Step 2: We find a set of training sequences that achieve such a lower bound.

Step I: Let us observe that a lower bound for the MMSE of H is given by:

K
tr {Ce(T) }:Z mmse(H®|Y; T)
k=1

K
> Z mmse(H(k) Y, {H(j)}j;ékQ T)
Kk:l 2
:ZE [‘H(k) ) [H(k)‘Y7 {H(j)}#k} ‘ }
k‘;l )
:ZE “H(k) _E [H(k)|H(k)T(k) + N} ‘ }
k=
' (2.68)

A further lower bound can be found by minimizing (2.68) with respect to T.
Given the fact that the power constraint on T is a disjoint power constraint
over each T with k = 1,..., K, then minimizing (2.68) is equivalent to
minimizing for each k = 1, ... K, the term:

g(TW) =E DH(’“) ~E [H(k),H(k)T(k) + N} ‘2]



2.3 Appendix B 63

with respect to T(*). To this end notice that, since H*) = Uff)Hﬂf )U(Tk)T , we

have that:

g(TW) =K i H® _E _H(k)|H(’€)T(k) + N| 2]
~E : H g [HWH®T® + N] d
~E : HY - E :Hff) IHFTE) N: d (2.69)
= tr{-(Ch§€> + SNR TR (k) =11 _ (2.70)
> tr{(Clzéc) + SNRpD®) 71} (2.71)

where in (2.69) T®=UFT®  while in (270) TW=I,0 T®,

hq(f):vec{Hgf)}, and Ch(k):IE[th)hgf)T] is the LM K-dimensional diago-

nal covariance matrix of thf ). Finally in (2.71) we have used the fact that,

given a n X n invertible matrix:

A" > [A];]

where the equality holds for the case of A diagonal and we have defined the

diagonal matrix D®*) in the following way:

[D(k’)]“ - [T(k)TT(k)]i.i‘

From (2.71), the problem of minimizing g(Tj) with respect to T, boils
down to solving:

min tr{(C;}k) + SNRyD®))~1}

over all LM x LM diagonal matrices having the following block structure:

D® =1, o Y®

and such thatM}\,Ttr {T(k)} < 1 with Y®) denoting a M x M diagonal

matrix. This is a classical convex problem, which can be solved considering
the KKT condition, from which it follows that optimal Y** is a diagonal
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matrix with the diagonal elements given by:

L M
e 1 k)12
we ) if 1> B0 < w24
Tj = =1 j=1 2.72)
MNs» .
W otherwise
=17

with )

sNR T (0]
(k k)=

(1+SNR[Z)], T2

Step 2: From all the above considerations, using (2.68), (2.71), is follows
that:

tr {Ce(T)} > Ztr{ (C~ (k) + SNRD®*)~1) (2.73)

with D®* = I @ Y®* and Y*)* denoting a diagonal matrix with the
diagonal elements given by (2.72). A sufficient condition for the equality in
(2.73) being achieved is that the training sequences T®) are orthogonal and
are such that:

DF* —1; (U(Tk)TT(k)TT(k)U(T"?))_

Putting those considerations together, it follows that the equality in (2.73) is
achieved for

such that:

Tk — (em ®U "”ﬁ) VD p=1 K (274

with X %)+ denoting a diagonal matrix with the diagonal elements given by
(2.72). From (2.74), if follows that the T*)* with k£ = 1, ..., K that minimize
tr{Ce} when Cy, have full rank, are:

’i‘(k)*:IL®<(eKk®\/ )*) NT)) k=1,..., K.

This proves Theorem 8 for the case when the covariance matrix, Cy, of the
channel vector h = vec{H} has full rank.
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If the Cy, is not invertible, the same foregoing considerations made for the
function in (2.71), apply to the following function

o . . ~1
tr{Chgg)} — tr {Chgg)T(k) <SN1|:{TI+T(k)Cth)T(k)T) T(k)chsf)}

k)*

which, again, is maximized by T having the following structure:

N T
T =1 @ (e @ VAWNITY) k=1, K.

where A is an M x M diagonal matrix satisfying the power constraint
tr{ A®)} < M M. Again, solving the convex optimization problem via KKT

conditions, we have that
AR _ (k)

with Y ®)* defined as in (2.72).

Proof of Theorem 9 We want to minimize the determinant of the error cova-
riance matrix (2.44). This is equivalent to maximizing the log-det of the in-
verse of the error covariance matrix. Finally this is the same as maximizing
the mutual information between the channel matrix H and the observable Y,
ie.:

1(T) = 1 (HV,H®,... . H®); Y |T). (2.75)

Again, as in the proof of Theorem 8, in proving Theorem 8 we proceed by
steps:

Step 1. We start by finding an upper bound for (2.75);

Step 2: We find a set of training sequences that achieve such a upper bound.

Step 1: Using the chain rule we obtain that an upper bound for (2.75) is
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given by:
K
[T < Y1 (H(k);YT{{H(j)}#k, T) (2.76)
k=1
K
- Y1 <H(k); HET® 4 N\TW) 2.77)
k=1
K
- Y1 (Hgﬂ; HOTE N\Tk) 2.78)
k=1
K
= ) logdet(Iyy, + TU"’)Cth(’f)T) (2.79)

B
Il
—

where in (2.78) T,=U¥T®  while in (2.79) T®=I,0T®",

hg’f):vec{Hgf)}, and Ch(k) :E[hq(f)hgfﬁ] is the LM K-dimensional
diagonal covariance matrix of hq(l]f ),

A further upper bound can be found maximizing (2.79) with respect to T.
Given the fact that the power constraint on T is a disjoint power constraint
over each T®) with k = 1,..., K, then maximizing (2.68) is equivalent to

maximizing each term of the summation
9(Ty) = logdet(In g, + T(k)Ch(k>’i‘(k)T)
over all possible T (*) having the following structure:
T =1, ® )"

with the constraint that ﬁtr {’i‘(k)'i‘(kﬂ} < 1. This is a classical convex

optimization problem and applying the classical KKT condition, we obtain that
the optimal T(*)* is given by:

~ T
T0 =1, @ ((exr ® VIO
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with Y*)* an M x M diagonal matrix whose diagonal elements are given by:

S (k) e
(k)* 0 lff Z[Ew ]l,j < Z M]\;T
Ty = " =1 i=1 (2.80)
%—%)) otherwise
Zj:1(1_77]- )
with
k) 1 ZL: 1
’[7. = — .
T L1+ swEd) T
Step 2: Using (2.79), we have that:
K ~ ~
I(T) < Y logdet(Iy + TH*C o TM). 2.81)
k=1

From all the above considerations, it follows that a sufficient condition for
the equality in (2.81) being achieved is that the training sequences T*) are
orthogonal and are such that:

Lo (UPTh) ~1, ¢ (\/WIE\ZVT)Y

Putting those considerations together, it follows that the optimal training
set for which the determinant of the error covariance matrix (2.44) is mini-
mized is:

Ty, = (ex e @ UPVY®) k=1, K. (2.82)

Proof of Theorem 10
Let us first prove Theorem 10 for the case that f(Ce(T)) = |Ce(T)|. In this
case we have Ny < KM and Cy, = Ik /1. Thus, as already underline in the
proof of Theorem 9, minimizing |Ce(T)| is equivalent to maximizing:

max log [Txr, + SNRTTT). (2.83)
T

over all possible training sequences T = I, ® T7 such that:

T = [TWf, . 7O
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with 7= tr {THT®T} <1,

From (2.83), it follows that the right eigenvector of T do not change the
value of the objective function as well do not violated the constraints, and then
can be arbitrarily chosen.

From the fact that Ny < MK, it follows that the non-zero eigenvalue
of TT' are at most Np. Let indicate by )\i+ 1 = 1,..., N, such non-zero
eigenvalues We have that the objective function can be expressed as:

Nt
log [Txcarr + SNRTIT| = L) "log (1+ SNRAT) (2.84)
i=1

Let us observe that the constraints M}VT tr {TkT};} <lforallk=1,... . K,
implies that

N

tr{TTT} - ZT:Aj (2.85)
=1

< KMNry (2.86)

Thus, from (2.85), since the function in (2.84), is schur-concave witthes~pect
to A1,..., ANy, it follows that the maximum of log ‘IKML + SNR TTT‘ is
achieved when the N7 non-zero eigenvalues of TTT are given by:

M =MK i=1,...,Ny (2.87)

In order to conclude the proof, we need to prove that there exist a training

matrix:
T = [T(l)T’ o ’T(K)T]T

with ﬁT(k)T(k)T < 1lforall k = 1,...,K, such that its non-zero N

singular values, /A satisfies:

M =MK i=1,...,Ny (2.88)

To this end, denoting by: At = diag(A1,...,  \yk) the MK x MK
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diagonal matrix defined as follows:

Ai = MK ¢=1,...,Nt (2.89)
Ai = 0 > Nrp, (2.90)
(2.91)
let us consider an unitary matrix U of dimension M K such that, for all h =
1,...,MK:
Np
Nt
U} =—— 2.92
;[ hs = 375 (292)

Thus, we obtain that:

(UAUT| = Np i1 MK,

0

Property (2.92) is equivalent to say that the partial sum of the square of the
first Nt components of each row is equal to % Note that Fourier matrices
as well as Hadamard matrices of dimension M K are examples of orthogonal
matrices that satisfy such a property. This concludes the proof for the case that
f(Ce(T)) = |Ce(T)].

Let us now move to the case when f(Ce(T)) = tr{Ce(T)}. Note that
since

~, ~\—1
tr{Ce(T)} = trf (Txcarz + SNRTIT) }

is schur-convex with respect to the eigenvalues of TTT or equivalently with
respect to the eigenvalues of T'TT, then arguments similar to the one conducted
above can be applied to this second case, from which Theorem 10 follows.

|
Proof of Theorems 11 and 12
Let us consider the following min-max problem
min max tr {Ce(T, Cp)} (2.93)
T C

where Cg(T, Cy) denotes the error covariance matrix of the estimation,
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flmmse, of the channel vector h, i.e.:
Ce=E (h - flmmse)(h - flmmse)T] (2.94)
~ ~ ~ N\ —L
= Cy,—SNR T(jhr:[‘]L (ILNT + SNR TTChTT> TCy,

and where the minimum is over all possible training sequences satisfying the
power constraint in (2.40), while the maximum is over all possible covariance
matrices Cy, such that tr{Cy} = 1. To solve this min-max problem let us
consider the following Lemma:

Lemma 2 Let us consider a min-max problem:

2.95
min max 9(x,y). (2.95)

Then, if 3 (X,y), such that:

9(x%,y) <9(x,y) Vy € D, (2.96)
and

9(x%,¥) 2 9(X,¥) Vx € D, (2.97)
(X,¥) is a min-max point.

Proof:it is given in [34]; for completeness we also present the derivation

in <3I'Ié%)z g9(x, Y)> < max 9Xy) =9(%y) (2.98)

since mingep, h(x) < h(X). Moreover we have:

i > mi ¥) = g(X,¥ 2.99
Inin (yrréé;gzg X,y ) > min 9(x,¥) = 9(X,y) (2.99)

since maxye p,9(x,y) > g(x,¥) Vx € D,. Then the minimum of
(maxyep, g(x,y)) is blocked to be g(X,y) and this value is obtained at sad-
dle point (X, y)

Let us now consider the function tr {Co(T, Cp)}; we want to prove that T =
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\/NTI%V]@) and Cp, = ﬁIKML satisfy Lemma 2, i.e. it is a saddle point.
From Corollary 3, we know that:

tr {Ce(T,Chp)} > tr {Ce(T,Cn)} . (2.100)
Moreover we have that for all positive definite matrix Cy,:

tr {Ce(T,Cn)} = tr{(Cy'+SNRrNrIgpr)™'}  (2.101)
tr {Ce(T,Cn)} - (2.102)

IN

where (2.102) follows from the schur-concavity, with respect to the eigenvalue
of Cy, of the function tr {(Cl:1 + SNRTN7Igp) "t }; then Theorem 11,
when the figure of merit is the mean square error, is proved. Moreover, since
the function

tr {Ce (T, Ch) }

is a continuous function with respect to Cy,, and the set of positive semi-
definite matrix with tr {Cy,} = 1 is the closure of the set of positive definite
matrix with tr {Cp } = 1, (2.101) still old for every matrix with tr {Cp } = 1.
Then Theorem 12 is proved. The same technique can also be used in the case
that Cy, has full rank and the min-max optimization problem is given by:

min max |Ce(T, Ch)| (2.103)

where Cq (T, Cy,) is given in (2.94). Moreover we can also prove the results
with a different derivation:

m%nr%ixlog\ce] = m%nrréixlog\ce(T,Ch)]

= minmaxlog |(C,' + SNRTTTT) ™|
T Cy

IA

max log |Cp| +
Ch

m%n max log |(Ixarz + SNRCLTIT) L.
h

Let us note that the maximum of log |Cy,| is achieved when Cy, = ﬁl KML
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for the schur concavity of the log-det function. Moreover notice that:

log |(Ix sz, + SNRpCLTIT) 7Y =

KML o
— ) log(1 4+ SNR7A(CLT'T)) (2.104)
i=1
< —log(1 + SNR7tr{C,TTT}) (2.105)
< —log(1 4 SNR 7tr{ Cp, } Amin (TTT)). (2.106)

Thus, as to the max-part, we have that (2.104) is maximized by a Cy, whose
eigenvectors coincide with the eigenvector or the eigenvectors (in the case of
multiplicity larger than 1) corresponding the minimum eigenvector of TiT

As to the min-part, starting from (2.106), we have that minimizing (2.104)
is equivalent to maximizing

Amin(TTT)

which is Schur-concave function of the eigenvalues of THT and it is, thus,
again maximized by a TTT such that for all foralli = 1,..., K ML, \;(TTT)
equals a constant satisfying the power constraint tr{’i‘T’i‘} = NprLKM. Thus,
(2.104) is minimized by T = mlgﬁ), from which Theorem 11, for the
case when the figure of merit is the determinant of the error covariance matrix,
follows.

Proof of Theorem 13
In order to prove Theorem 13, it is enough to verify that the hypotheses H.1
and H.2 of Theorem 6 are satisfied.

To this end notice that, by assumption, H is modeled according to (1.6) i.e.

H® = Ur®@HEG U (2.107)

with Hgf ) a zero-mean L x M Gaussian random matrix of independent ele-
ments. From (2.107), since the optimal training sequences are given either by
(2.46) or by (2.48), we have that:

H® = Eg[H®] = UrRPEy, [HP]UTH)

where I:L(f ) = Ey, [Hgf )] is a zero mean Gaussian random matrix with inde-
pendent elements, then hypotheses 7.1 holds.
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Furthermore, €2, doesn’t depend from S, since Z is statistically indepen-
dent from S, and it is easy to prove, after some algebraic manipulations, that:
7.(K)

AR AR

Uz

with ng ) the estimation error matrix of Hgf ), are random matrices with inde-

pendent columns, each column having entries whose joint distribution is sym-
metric with respect to zero. From this, it follows that {.2 also holds. Thus, the
hypotheses of Theorem 6 are satisfied and Theorem 13 follows immediately.

Proof of Theorem 14 In proving Theorem 14, we proceed by steps:
Step 1: we prove that (2.58) holds;
Step 2: we prove that {P}; = &Iy, k = 1,..., K} is a Nash equilibrium
point.

Step 1: By assumption we have that H is modeled according to (1.6), i.e:

HE = yPEEUE’

where forallk = 1,..., K, ng) = )\](Qk)lMT. This is equivalent to assume
t
that U(Tk) = Iy, from which it follows, using Theorem 13 that P}, has to be

diagonal. Furthermore, from the assumptions done, we have that {ng ) bok=
1,..., K, is a set of random matrices whose columns are independent and
whose rows have independent and identically distributed entries along each
row. Thus,

Qy = E [ZPZT} = i[@ [Z(k‘)sz(k)T}
k=1
= iUﬁE zPzP' | uf! (2.108)

k=1

depends from P = diag(P1, ..., Pg) only through {tr{P;},...,tr{Px}}.
From all above, it follows that the lower bound on the sum rate, I} gwer(P),
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given in (1.37) can be re-written as follows:

K
E [log ‘IL +QY) eg’“)vv(’“)P*kW(k)*@g‘“”(] : (2.109)
k=1

where @1(5) = Ul(f) diag(j\ék)), with 5\1(5) the variance vector of an arbitrary

column of IA{gf ),

K -1
Q = SNR (IL +SNR > tr{P,}E {Z(’“)Z“‘C)TD
k=1
and {W®)} for k = 1,..., K denote a set of Gaussian random matrices in-

dependent across k with i.i.d. zero-mean Gaussian entries. Note that, since
{W®)} are i.i.d. zero-mean Gaussian matrices, (2.109) and consequently the
lower bound on the sum rate, I| ower(P), is invariant to circular shift of the
elements of Py forall k = 1,..., K, from which it follows, using Jensen’s in-
equality, that the maximum of (2.109) is achieved when for all k = 1,..., K,
the diagonal entries of Py are equal i.e.

* k
P = QMIM

with gy subject to the power constraint g < 1.

Step 2. Let:
pP= 1,1,...1,gw(k),1...,1]
——
w(k—1) K—n(k)
and

p*=[1,1,...1,1,1...,1]
K
with or(z) € 0, 1]. We want to show that Vk = 1,..., K:

Li®) = E[log|T+ o0 HEOHCE w1 (p)]|
< Le(P?) (2.110)
= E [1og ’1 A ) g () }

™
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where ¢ €]0, 1],
\ij(p) = Qﬂ-(k)E [Z(”(k))z(w(k))T] =

U, (p*)=E [me))Z(w(k))f] Y E,,
and
= o W 1
Zr =y + Din(esr),n(®)) T el
In order to show (2.110), notice that:

=
S Z Sp
On(k)

Consequently:

(E [z“?)z(k)*} +Ql(k)5ﬂ>_l =< <E [sz)z(’f)*] +Eﬂ)71.

Now recalling that for every A >, B > 0 and C > 0:
log’I—FAB‘ zlog‘l—l—CB’ ifA = C, @2.111)

it follows that (2.110) holds for every £ = 1,..., K and decoding order and
so we obtain the thesis.

Proof of Theorem 15 By assumption we have that H is modeled according
to (1.6), i.e:

H® = yBHG U (2.112)

where forall k =1,..., K, 21(5) = %IL)\(T]C)T, which is equivalent to assume
i

that Ul({k) = I,. Just from (2.112), through the same steps followed in the

proof of Theorem 13, it can be proved that the hypotheses H.1-H.2 of Theorem
6 hold, from which it follows that:

P; = UV A; U (2.113)

T
From (2.113) and from the fact that UY)' = I,. it follows that
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{ngf )}, k=1,...,K,is aset of random matrices whose columns are inde-
pendent and each column has independent and identically distributed entries.
Consequently:

Q, = E [ZP;,ZT} (2.114)

I
Dgw

_Z(k)Pzz(k)T]

=
Il
—

zHupuPizy) |

I
Dgw

w

=
Il
._.

[
M=

.
E z§5>Akz55>]
ol

K

M
= (XD el [Amm) I, 2.115)

k=1 1i=1

i

Thus, we can apply Theorem 7, from which Theorem 15 follows immediately.



Chapter 3

Asymptotic Behavior of MIMO MAC
with Partial CSI

In this chapter, the performance of a MIMO MAC with partial CSI in asymp-
totic regimes, is analized. In particular, the low-SNR regime is described, an-
alyzing both the minimum energy per bit required for reliable communication
and the multiaccess slope region. Moreover the high SNR behavior is studied,
evaluating the high SNR slope, i.e. the behavior of the sum rate with respect
to log SNR function. In the following sections, firstly the most important pa-
rameters used for the characterization of the system in these two asymptotic
regimes are introduced, and they are particularized in the case of partial CSI.

3.1 Low SNR Characterization

As discussed in [35], the key performance measures in the low-SNR regime

for MIMO point-to-point channel are %min, which is the minimum energy

per information bit required to convey any positive rate reliably, and Sg, which

is the capacity slope therein in bits/s/Hz/(3 dB). These two quantity are defined

! as:

Ep SNR

— = inf —— 3.1

No min Sllr\llR C(SNR> G-
SNR

li T p— 3.2
SNHRnw C(SNR) 3-2)

'In this section the capacity is assumed normalized to the number of receiving antennas, i.e.
E[||x][?]

the spatial dimension , and SNR = NoL

, as discussed in [35].

77
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while the slope Sy of spectral efficiency in b/s/Hz/(3 dB) at the point %min is
given by:

E
NN C(%)
0~ JLHEE} Ly

. &‘ — 5 } 3dB 3.3)
No ' No in NoldB ™~ NominldB

where E
b J—
c <No> = C(SNR),

E, SNR

with SNR such that

Ny C(SNR)’
is the spectral efficiency. Let us observe that %min and S determine the first-

order behavior of the spectral efficiency as function of % (in dB) via:

Ey %‘dB - % ‘dB
Cl) =50 omin 34
<M) 0 3dB e 34

No min
Let us now consider the multiple access channel. Without loss of generality
we consider the case of two users, since the generalization to a greater number
of users is very straightforward. As described in [36] and [37], in this case the
fundamental limits of interest, in the low-SNR regime, are described as func-
tion of the ratio 0 = % with which the information rate of the first user, Ry,
and the information rate of the second user Ry, go to zero. Specifically, indi-
cating with C (SNR 1, SNR 2) the capacity rate region of the considered MIMO
MAC channel, when the first user uses a power P;=SNR ; Ny L and the second

user uses a power Po=SNR 2 NgL, we have that:

® g, ©
(Eﬁ B ) 2 lim <SNR1,SNR2> (3.5)

_ E, _E
Wheree—0<NO )

(SNR1,SNR2)[(00) \ B1 = R

with the constraint that (R, R2) € bd{C (SNR1,SNR2)} and that %=9,
where bd {A} is the boundary set of the set A. Moreover, we define the achie-
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vable segment of rates for user 1, when gl = ¢ and for fixed E N and 52 E2 as:

E, E
R9<N1 N2> = {R1 >0:3(SNR1,SNR>) 30

(Rl,]z ) € C(SNR1,SNR ), (3.7)

SNR1  E1 SNRy B
Ri Ny Ry Ny

(3.8)

The multiaccess slope region is, then, defined as the set of slope pairs S (6)
that result from:

Si(0) = . lim Rl @ 10logi2
l‘NU min NO ’dB NO min dB
1
S, (0) 2 lim Rl 101ogy 2

0 EQi ‘ ‘
NOmln NO dB NO min !dB

R sohi : 5 Ey FEo Es .
for (Rl, 7.) vanishing with - | No min and & | o e respecting the
membership

E, E
RleRg( ! 2>

Ny’ No

3.1.1 Low SNR Analysis of MIMO MAC with Partial CSI

In this subsection, the analysis for low SNR of the MIMO MAC where only a
channel-realization statistic S is available at the receiver, is considered. With
no loss of generality we focus on the case of two-users MIMO MAC. Before
analyzing the multi-user setting, some results from [35] [38] [39] , for the
single user scenario” are here reported.

Theorem 16 Let us consider a non-coherent point-to-point MIMO channel,
= +vVSNRHx + n, (3.9)

where H is an L x M random matrix with mean H and such that
E[|[H||*t*] < oo for some a > 0, x is the M-dimensional input vector with
mean X, subject to the constraint tr{xx'} < 1 and n is the L-dimensional

?In the following we assume that each user only knows his own channel probabilistic char-
acterization (Statistical CSI).
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additive circularly symmetric zero mean Gaussian noise with i.i.d. entries,
satisfying tr{nn'} = 1.,

Then we have [35]:
dC(SNR) :
“dSNR = = EHH 1
dSNR  ISNR =0 C(0) = Amax(E[ D (3.10)
or, equivalently,
T = G.11)

NO min B C(O) /\max(E[HTHD ‘

Further, on-off signaling is first order optimal, i.e. there exists an on-off signal
such that (3.10) is achieved [26].

Moreover for a practical signaling, i.e. a proper-complex random vector > x,
satisfying the following condition:

P{l|x|| > 6} < exp{—dv} (3.12)

for all § > 0y, where &g > 0 and v > 0 are some positive constants, we have

[38]:
dI(SNR) e e
~ISNR lsnRoo = 1) = LE [H(x - x)[] (3.13)

or equivalently the transmitted energy per information bit relative to the noise
spectral level, for low SNR, is given by,

Ey log.,2L log, 2

No  1(0)  E[IH(x-%)|?]

(3.14)

Furthermore, particularizing the statistical characterization of H to be an L X
M circularly symmetric zero mean Gaussian random matrix with unit variance
i.i.d. elements, we can relax the condition (3.12), to the following one [39]:

e 0f(x,SNR)/JSNR exists in SNR = 0, where f(x,SNR ) is the family of
probability distribution function of the random vector x, parameterized

in SNR,

o limgng o SNRE[|[x[[*] =0,

3A complex valued random vector is said proper complex if E [xx”] = E [x] E [x]”, [38].
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and obtain:

dI(SNR) :
— =1(0)=0 3.15
dSNR  ISNR=0 © (.15)

i.e. for low SNR the required energy per bit goes to infinity.

From the previous results we can conclude that the signals satisfying (3.12),
assuming that the channel H has zero expected value, are power inefficient in
low-SNR regime, since the required energy per bit goes to infinity.

Hereafter a point-to-point MIMO channel with partial CSI is characterized.
First of all, some definitions from [35] are recalled:

Definition 2 An input distribution parameterized by SNR, XgNR s first order
optimal if:
27 . . & . .
E [||xsnRr |I2] = SNR NoL and it achieves N iy o€

I(x;y|S)

=C(0 3.16
SNR—0 L SNR ( ) ( )
where S is an arbitrary statistic of the channel H available at the receiver.

Definition 3 An input distribution parameterized by SNR, xXgNR is said a
Flash Signaling if, for all § > 0,

lim E [||xsnr |1°1{l|xsnr 1| > 6}]
SNR |0 E[||xsnRr 117]

=1 (3.17)

where 1{.} is the indicator function.

Essentially a Flash Signaling can be viewed as the mixture of two proba-
bility distribution one that asymptotically concentrates all its mass at 0 and the
other that migrates to infinity. We can, then, prove the following result:

Theorem 17 Assume that neither the receiver nor the transmitter know H, but
the receiver has at its disposal a statistic S of the channel H. If

AmmO%[ﬂZD;za>0 a.s.

then xgNR i first order optimal if and only if it is a Flash Signaling and

. E[||Hxgnr ] ;
lim = Anae (E [HIH 3.18
SN1R—>O E[HXSNRHQ} ( [ }) ( )
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Proof: See Appendix C Proof of Theorem 17

This generalizes the result given in [35] for incoherent reception.

The following result, characterize, up to the second order* the capacity
behavior of a MIMO point-to-point channel with imperfect channel state in-
formation:

Theorem 18 Assume that neither the receiver nor the transmitter know H, but
the receiver has at its disposal a statistic S of the channel H. If

Amin (ES [ZTZD >a>0 as.,

then,
So=0

Proof: See Appendix C Proof of Theorem 18
Moving now to the multi-access scenario with imperfect channel state in-
formation, the transmitted and received energy per information bit relative to
the noise spectral level, of user £ = 1, 2, are defined by:
E; _ SNRyg Ekr_SNRk

= = 3.19
N R No Ry 9k (3.19)

with g; denoting the channel gain of the k-th user, defined as

E [||H(k)x(k)\|2]
E [|[x®)]]2]

In general the maximum achievable channel gain is calculated over all pos-
sible choices for the input and it depends on the knowledge available at
the transmitter, (see [35]). If the transmitter does not know the channel
but it knows its distribution, then the maximum channel gain is given by
Gi = Amax(E[H®TH®W]), [35].

As discussed in Section 3.1, the two fundamental limits of interest in this
section are the minimum energy per information bit, %min, which is obtained
with asymptotically low power, and the multiaccess slope region. Let R; and
Ry go to zero while maintaining a fixed ratio § = %. The next theorems
show how the performance measures of interest (i.e. the multiaccess minimum

* As shown in [35], S is related to second derivative of the capacity, in SNR = 0.
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energy per bit and optimum multiaccess slope region) do not depend on 6, for
a MAC channel with partial CSI.

Theorem 19 For all § = Ry/Rs, the minimum energies per information bit
for a MIMO MAC, with a statistic S of the channel realization at receiver, are
equal to:

£y log, 2
= . 3.20
NO min )\max(E[H(l)TH(l)]) ( )
and
E2 loge 2
— = . 3.21
NU min )\max(E[H(Q)TH(Q)]) ( )

Furthermore, (3.20) is achieved by on-off signalling over orthogonal direc-
tions.

Proof: See Appendix C Proof of Theorem 19.

Theorem 20 Let the rates vanish while keeping 6 = Ry /Ry. If the statistic S
is such that:

Amin (]ES [z“f)*z(’f)D >ap>0 as, k=12 (3.22)

then the multiaccess slope region of MIMO MAC, with a statistic S of the
channel realization at receiver, is:

S(6) = (0,0) (3.23)

and is achieved by on-off signalling and TDMA.

Proof: See Appendix C Proof of Theorem 20.

From the previous Theorems, we can observe that, under the assumption
(3.22), using on-off signalling and TDMA for the two users, we achieve the
optimal performance in low SNR regime, independently from the available
statistic S. Since the availability of a statistic S to the receiver requires that
the users spend some of their resources in terms of power and available dimen-
sions, the optimal strategy, under the Hypothesis of Theorem 20, is to consider
absence of S, i.e. an incoherent reception. Moreover, from Theorem 17, all
signals that are not flash signaling are power inefficient since they achieve an
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higher % with respect to the minimum one.
To conclude the low-SNR analysis, let us consider a global description of the
system. Specifically, assuming that all the users transmit at the same power, it
is possible to define a system energy per bit:

FEy SNR

e e 3.24
No  C*“m(SNR) (3:24)

where C'*"™(SNR ), is the sum-rate of the system. It is easy to show, from the
above Theorems, that
E 1
= — (3.25)
0 mi 2 E
e szl (Flémin)

i.e. it is equal to the harmonic mean of the individual minimum energy per
bit. Moreover, under the Hypotheses of Theorem 20, the wideband slope of
the sum rate, defined as in (3.3), is equal to zero.

The case of statistic S obtained through a training phase, as described in
Section2.2, is now considered.

Corollary 4 Let the rates vanish while keeping 0 = R1/Rs. Assuming that
Cyw), k = 1,2 are full rank, then the multiaccess slope region of MIMO
MAC with a channel-realization statistic obtained through a training phase,
with arbitrary but finite SNR T, is:

S(6) = (0,0) (3.26)

Proof: See Appendix C Proof of Corollary 4.

Then we can conclude that in low SNR regime, for a training based system,
the optimal signaling strategy is a TDMA access to the channel, with on-off
signaling sent from the users in the data phase. Moreover, it is evident that
to improve the data rate at to low-SNR regime, we have not to consider the
training phase, that only consume the available resources. Precisely, let 1 — «
be the fraction of the total available power, used for the training phase, we can
define the transmitted energy per information bit relative to the noise spectral
level, with respect to the whole power available at the transmitter, i.e. including
also the power spent for the training, obtaining:

Ey 1By

= 3.27
N(] OJN() ( )
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and consequently,
B _ 1B %)
N(] min o No min '

d

where % _, is the minimum energy for information bit, characterized in the
min

previous Theorem, with respect to the only power available in the transmission

phase. Then the global minimum %min is achieved for o = 1, i.e. no training

phase. Moreover, the multiaccess slope region, as proved in Corollary 4, does

not depend on « and is always zero.
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3.2 High SNR Characterization

As described in [40], the key performance measures in the high-SNR regime,
for MIMO point-to-point channel, are S, which quantifies the the high-SNR
slope in bits/s/Hz/(3 dB) of the capacity as function of logSNR, and L,
which represents the zero-order term, or power offset, in 3-dB units, with re-
spect to a reference channel having the same high-SNR slope but with unfaded
and orthogonal dimensions whose expansion in (3.31) intersects the origin at
SNR |s5 = 0. These two quantity are defined as:

0o = _ lim 7C(SNR) (3.29)
SNR —co logy SNR
and
. C’(SNR))
Loo= 1 log, SNR — ——~ 3.30
SNE . (ng 5 330

Let us observe, that through S, and L., we can give the asymptotic behavior
of the capacity, [40], as:

SNR |dB
3dB

C(SNR) =S ( —Eoo> +o(1). (3.31)
Obviously, the previous quantity can also be defined for fixed signaling strat-
egy, replacing C'(SNR ) with the corresponding mutual information I(SNR).
Moving to the multiple access channel, the key performance measures in the
high-SNR regime are defined with respect to asymptotic behavior of the sum-
capacity, [23] [41]. Specifically, we can consider the same parameters intro-
duced for a MIMO point-to-point channel, replacing the function C'(SNR ) with
the function C*“™(SNR ), for which we assume that all the users have the same
power constraint. Specifically, the asymptotic behavior becomes:

SNR |48
3dB

C*“™ (SNR ) = S5 < - /:ggm> +o(1). (3.32)

3.2.1 High sNR Analysis of MIMO MAC with Partial CSI

In this section, the analysis for high SNR of the MIMO MAC where only a
statistic S of the channel realization H is available at the receiver, is consid-
ered. Precisely, the high-SNR slope is studied. Before analyzing the multi-user
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setting with only partial CSI, one of the results for MIMO MAC channel with
coherent reception, obtained in [23] [40] [41], is recalled.

Theorem 21 Let us assume that H has full rank with probability one. Then
the high-SNR slope of the sum-capacity is given by:

Ssum — D (3.33)

where D = min (L, M K), i.e. the rank of H.

Concerning the partial CSI, we focus on the asymptotic behavior of the lower
bound to the sum-rate given in Corollary 1, which we know to be an achievable
sum-rate with Gaussian signaling. In the following we assume that (S, H) is
jointly Gaussian. Moreover, since the lower bound to the sum-rate depends on
the probability characterization of static S, that can be function of SNR, we
proceed giving an asymptotic behavior, with respect to SNR, of the quantity
related to S.

Specifically, we assume that the matrix SNR QZ‘?’{NR

the following Eigenvalue Decomposition (EVD)

is described through

SNR
SNR QNP = Ugnr Asnr ULyg -

and describe the j-th entry of the diagonal matrix Agnr with one of the follo-
wing asymptotic behavior with respect to SNR:

__SNR . _
i T35, SNR ifa=1
AiSNR = aj iy SNRITifa >0anda # 1 (3.34)
a;log(SNR) otherwise
where a; > 0,forall j € 1,..., L. These behaviors essentially take in account

the improving rate of the quality of the side information S, with respect to the
operating SNR . Furthermore, we assume that H is almost surely full rank for
high SNR, that essentially means that Cy, is a full rank matrix.

Under such Hypothesis, we can prove that:

Theorem 22 The high-SNR slope S32™, of the lower bound to sum-rate, for
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every positive definite power allocation matrix P is given by:

D ifa>1
S =< Da fo<axl1 (3.35)
D otherwise

where D = min (L, K M) is the degree of freedom of the system and repre-
sents the rank of the matrix H.

Proof: See Appendix C Proof of Theorem 22.

Let us observe that in the case a > 1, or for the logarithmic behavior, we
obtain the same performance, in terms of the high-SNR slope, that we have
for the coherent case, i.e. we achieve the maximum degree of freedom of the
system, ID. Moreover, we can observe that in terms of the high-SNR slope,
too high improving rates, such as the case o > 1, are not needed, while slow
rates, i.e. a < 1, produce a proportional penalty factor on the achievable
high-SNR slope.

High-SNR Analysis for Training-Based System

In this paragraph, applying the previous results, we analyze the high-SNR be-
havior for a Training Based System. Specifically, we are interested in analyz-
ing the influence on the performance of the system, from 7,, K, M and L.
We assume that SNR = SNTR for all the users and full rank training condi-
tion, i.e. T, > Np > K M, with training sequences given by Theorem 11. We
also suppose that Cj, is full rank and consider for simplicity isotropic inputs.
Under such hypothesis, easily follows that the high SNR behavior of the lower
bound to the effective throughput is given by:
Te — Nt iower _ T. — Nr

ST = lim = min (L, KM). (3.36
* SNR-x 7. log(SNR) T. ( ) (3.36)

Let us study SOTO as function of N1, K and M, for every fixed L and T,’.
Precisely, we assume that only a subset £, with cardinality M’ < MK, of
total transmitting antennas of all the users is used, and we consider a training

SWe assume that the coherent time 7, is an even number.
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phase duration N > M’. The correspondent high-SNR slope is given by:

T. — Nt

ST (N}, &) = T min (M, L) (3.37)

C
that depends on the chosen subset £, only through M’. We are interested in
optimizing SOTO, with respect to Ni and M, i.e. the number of the effective
transmitting antennas in the system. Precisely we can prove that:

Theorem 23 The optimal high-SNR slope SOZO’” of the lower bound to
throughput is given by:

ngt_,< —-§?>zzp (3.38)

where K7 = min (K M, L, %) with the optimal number of total transmitting
antennas given by:

T
AW:KT:mm<KMJH;> (3.39)

and training duration Nj. = M’

Proof: See Appendix C Proof of Theorem 23.

The Proof of Theorem 23 follows the steps done in [10], in which the analysis
is conducted for a point-to-point MIMO channel, where the channel matrix is
characterized by i.i.d. zero mean Gaussian random variables. The final result
is of the same type, i.e. Nf = M’ = Ky = min (KM, L, %), but now
this situation implies that we have to schedule the users and their transmitting
antennas, in order to achieve the optimal high SNR slope associated with a total
number of transmitting antennas given by Kr. Let us also observe that in the
case of point-to-point MIMO channel with i.i.d. Gaussian channel coefficients
and incoherent reception, it has been proved in [42] that

in (KM, L, L
<l_m1n( ) ’2)>min<KM,L,1;C>,

T

is the capacity high SNR slope, and then we can conclude that in the case of
a MIMO MAC channel with symmetric users, each with i.i.d. channel matrix,
the Training Based System achieves the optimal performance of the system in
terms of high-SNR slope.
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3.3 Appendix C

Proof of Theorem 17 First of all let us observe that all the flash signaling
satisfying (3.18) are fist order optimal, [35]. We have to show the converse. To
this end, let us observe that an upper bound to the interested quantity is given

by:
I6ylS) _ E[[Hxsnall
LsNR - = Ef|lxgngr %]
_ NoE [log [T+ +-cov(HxgnR [xsnR > S)|]
E[[lxsnr %]

The objective is to prove that

NoE [log T+ ﬁcov(HxSNR IXSNR > S)H
E [[xsnRr %]

>0 (3.40)

if the signaling is not a flash signaling, and then the only optimal signaling are
the flash signaling.
To this end let us lower bound (3.40) observing that in general:

1
T+ Al > 14+ Apaz (A) > 14+ —tr{A} (3.41)
m
then
[T+~ cov(Hxgnp [XsnR )
—COV X X
No SNR [<SNR »
L4 t
Z 1 + mXSNRES |:Z Z} XSNR
1
> 1 s P (B |22 )

1
>14 — 2 .S. 3.42
> +mNO||XSNRHOé a.s (3.42)
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Using (3.42), we have that:

1
E [log [T+ g cov(HxsnR [XsNR» S)\]

1

>E [log <1 + T]VOHXSNR H2a>] (3.43)
1

> fiog (14 1y, Ivsnm e ) Llixonll < )] (3.44)

1 1
> atos (14 o7 )E [lxna P1Ixsn | < 1] 649
where in (3.43), we have used (3.42), in (3.44) we have used the property
f(x) < g(x) Vx implies that E [f(x)] < E[g(x)], and finally in (3.45) the
fact that £ log(1 + z) is a decreasing function in z. Now, if the signaling is not
a flash signaling, then exists a v, > 0 such that

E [||xsnr |1?1{]|xsNR | < vo}]

E [Txsnm | ren o
then
NoE [log I+ ﬁCOV(HXSNR XSNR S)H >0 (3.47)
E/|xsnrll?]
since %log (1+ mjlvOVOQO‘) > 0.
]

Proof of Theorem 18 From Theorem 17 we know that the only optimal
first order signallings are the Flash signallings. Then, we have to show that
Sp = 0 for flash signaling. To this end we make use of the following Lemma:

Lemma 3 Assume that neither the receiver nor the transmitter knows H, but
the receiver has at its disposal a statistic S of the channel H. Then for all flash
signaling,

So=0

Proof: Let us observe that Sy is a no-negative number, not greater than the

slope in the case of coherent reception. Since in the case of coherent reception,

is proved in [35] that the slope is zero, in our case the slope is again zero.
Then, using Lemma 3, follows the assert.
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Proof of Theorem 19 Since the presence of interferers cannot lower the
minimum energy per bit and (3.20) is the minimum transmitted energy per
bit for the single-user case with imperfect channel estimation, the result will
follow by showing that on-off signalling TDMA achieves the single-user trans-
mitted energies per bit. This follows immediately from [26, Theorem 6], which
claims that if both alphabets .4; and A5 of the two-user MIMO MAC contain
free input symbols, i.e. 0 € Ay with & = 1,2 such that ||0]|> = 0, then the
following rectangle is achievable per unit cost:

D(P _ _ P, _ _
{0§R1 < sup (Py|x1=2,X2=0 H2 yXl_o,XQ_o)}
zed (|||
D(P _ _ P _ _
" {OS Ry < sup (Py|x,=0,Xs=z H2 y|X1_0,X2_O)}
r€EAs ||£L‘”
Thus, for k =1
E NR
e T (3.48)
No min SNR—0 Ri
I 2
— %8e (3.49)

Amax(E[HMOTH®)])’

where (3.49) follows from Theorem 16. Analogously for £ = 2. Finally to
keep the constraint % = f it is enough to consider SNR 3 = %2‘;‘1

Proof of Theorem 20 First of all, let us observe that S;(0) for k = 1,2
are non-negative quantity. Moreover, let us observe that both S; () and Sz(0)
are minus or equal to the related quantity Sé“ in the single user case, since the
presence of the other user only increases the noise, and the minimum energy
per bit is the same. Since in the single user case, under assumption (3.22),
Sk = 0 for k = 1,2, from Theorem 18, we can conclude that Sy,(6) = 0 for
k =1, 2. Finally let us observe that using on-off signalling and TDMA for the
two users, we achieve the optimal in low SNR regime.
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Proof of Corollary 4 From Theorem 20, we have to prove that:

Amin (ES [ZWZWD >ap>0 as k=1,2. (3.50)

First of all, let us observe that Eg [Z(W Z(k)} doesn’t depend from S, and that

vec{Z}=e is the estimation error vector defined in Section2.2. Moreover, from
the hypotheses that Cy,x), k& = 1,2 are full rank matrix, follows that

Ce(T,SNR7) = (C,' +SNRTIT) ™! (3.51)

is full rank, since

1
/\min (Ce(Ta SNRT)) > > 0. (352)

Amin (Ch) 4+ SNR 7 Amas (TTT>

Then, indicating with SNR7, the maximum power available for the training
phase, we obtain that

1

Amin (Ce(T,SNR 7)) > o = —
Amin (Ch) + SNR;*)\max (TTT)

Let us now observe that all sub-vectors extracted from e = vec{Z} have full
rank covariance matrix with minimum eigenvalue greater or equal to a*. Let
us now characterize

Amin (E [z““”z(k)D , (3.53)

in particular, let us fix a unitary vector u € C% and consider the quadratic
form:

u'E [sz)*z('ﬂ u = E [HZ(k)uHQ]
L
= Y u'E [zg’“”zg’“] u

> La* (3.54)

Then for £ = 1, 2, the minimum eigenvalue is greater or equal to La™*, for all
SNR 7 < SNR 7* and we conclude the proof.
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Proof of Theorem 22
Let us analyze

ILower:E [log ‘IL + SNR (IL + SNR Qu)_l FMH
(3.55)

for high SNR, where I';; = HPH'. In particular let us expand (3.55) in the
following way:

E {log ‘IL + UAgNR U' + SNR Fuu—log ‘IL + UAgNR UT‘.

Since (S, H) are jointly Gaussian, we can apply the Lebesgue Convergence
Theorem, and study the asymptotic behavior of

log ‘IL +SNR (I +SNRQy,) ! I‘u‘,

for each I'yy. For the Hypotheses done H is full rank, and for the moment
we assume that the matrix I'y, is full rank L with probability one. Let us now
observe that using the Schur concave property of the function log |A| with
respect to the eigenvalues of A, we have:

L

> log(1+A;9NR +SNR A, ) < log [T+ Agng +SNRUTT,U| (3.56)
j=1

where A\; gNg and )\FW are, respectively, the eigenvalues in increasing order
of Agnr and I'y,. Moreover from the Hadamard inequality we have:

L
> log(14A;eNR +SNRTy;,) > log I+ Agng +SNRUT,U| (3.57)
j=1
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where I'y; ; are the diagonal elements of uUir,U.
Furthermore we have:

log I, + UASNR UT‘ = log ‘IL =+ ASNR ‘
L
= Z(log 1+ /\j,SNR )
j=1
(3.58)
Then using (3.56), (3.57) and (3.58) we obtain that:
L
NR
Zlog 1+ 87/\11 .
= 1+ )‘j,SNR 12X
<log ‘IL +SNR (I, +SNR€y,) ! I‘u‘
L SNR
32:31 ( 1+ /\j,SNR ’ )

and then the asymptotic analysis of the lower bound to the sum-rate, can be
carried on analyzing the behavior of the following function:

SNR

SNR)=log {1+ —— 3.60

9g(SNR) g( 1+>\SNR6> (3.60)

where [3 is a positive number, for the hypothesis that I';; is full rank with prob-
ability one.

Let us now describe the behavior of the function (3.60) for high SNR, as func-

tion of a; and .
Ifa>1:

g(SNR) SNR—oo
—

L 1.
log (SNR)

fo<a<l:

g(SNR) SNR oo

log (SNR) (3-61)
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Finally, if A\; sNR = a; 10g(SNR)

g(SNR) SNR —oo
- —

1.
log (SNR)

From the above analysis, we can conclude that:

; L ifa>1
IL(C’TW:]“R) SNR-o ) 7 if0<a<1 (3.62)
og

L otherwise

Let us now analyze the case in which I'y, is full rank K M with probability one.
Concerning the lower bound, we obtain the same expression (3.56), where now
the sum is done on the first K M eigenvalues, in decreasing order:

o SNR
Z log (1 + 17)\F ) < log ‘IL +SNR (I + SNR Qu)il Ty

= TASNR Y

(3.63)
For the upper bound, let us indicate with VDV, the eigenvalue decomposi-
tion of I'y; with D a diagonal matrix of dimension K M x K M, we have:

log ‘IL + SNR (IL + SNR Qu)_l I‘u’
= log ‘IL + SNR (I, +SNR€,) ! VDVT)

= log ‘IKM +SNRVT (IL + SNR Qu)‘1 VD)

— log |xcas + SNR VD V'D| (3.64)
KM
< Z log <1 + SNR DQMKz’,i) (3.65)
=1
KM
SNR
< lo 1+ ——Kj;; 3.66
_; g( [ v ) (3.66)

where in (3.64) VDQMVT = Vi (I, + SNR ﬂu)fl V (s its eigenvalue de-
composition), in (3.65) we define the matrix K = VDVT and apply the
Hadamard inequality, and finally in (3.66) we apply The Eigenvalue Interlace-
ment Theorem [30], and A; gNR are taken in increasing order. From (3.63) and
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(3.66), we have ,again, to study the behavior of the function:

SNR
SNR) =log (14— 3.67
g(SNR) 0g< +1+)‘SNRﬁ) (3.67)

where [ is a positive number. The analysis of the function (3.67), has been
previously conducted for the case L < K M, and we can conclude that:

I KM ifa>1
_ftower  SNRoo Jpnry ifo<a <1 (3.68)
log (SNR)
KM otherwise
[ |
Proof of Theorem 23
We are interested to maximize
T. — N!
ST (Ni, &p) = ~—L min (M', L) (3.69)

[

with respect to Ni and M’. First of all, it is evident that Nj = M’, since an
higher Ny only decreases the high-SNR slope. Then we have:

!’

1 — & M’ if M <L

ST M/: .
(M) - if M' > L

(3.70)
We maximize the term ( — %) M', choosing M’ =% when
min (KM, L) > L, and choosing M’=min (KM, L) if min (KM, L) < L.
Therefore, the optimal choice is M’=min (K M, L, %) As concerned the
second term (1 - %) L, this is maximized when M'=L=min (KM, L).
Hence, defining K7=min (K M, L, %), we obtain that:

ST = ( - I;T> Kr (3.71)

with the optimal number of total transmitting antennas given by:

T,
M’ = K7 = min (KM, L, 2) ) (3.72)






Conclusion

In this thesis, the impact of a partial CSI at the receiver on the achievable rate
region of MIMO MAC with Gaussian Input, has been analyzed. The imperfect
CSIis modeled as an arbitrary statistic conditioned on which the channel has a
Gaussian distribution. Specifically, lower and upper bounds of the various mu-
tual information terms, which define the achievable rate region for Gaussian
inputs, have been derived. Furthermore, the tightness of these bounds have
been numerically illustrated and it has also been shown that the gap goes to
zero when the number of the users or the number of receiving antennas grows.
Moreover, the low-SNR regime and high-SNR regime for a MIMO MAC with
partial CSI, have been analyzed.

The developed tool has been applied to study the performance limits of two
relevant scenarios: the Cooperative MIMO Networks and the Training Based
System. Precisely, for a Cooperative MIMO Network, the partial CSI has been
modeled in terms of knowledge of only some channel matrices; moreover the
case in which the channel matrices are not perfectly known but only a quan-
tized version is available has been treated. For a Training Based System, the
CSI at the receiver is obtained through the transmission of training sequences
in each coherence block of the channel. It has been shown that the training sig-
nals sent by the users, optimized according to two metrics, viz., the trace and
determinant of the estimation error covariance, should be orthogonal in time if
no constraints on the rank of the training sequence matrix are imposed. When
there is a rank constraint, i.e., when the training sequences can not longer be
orthogonal, the optimal structure for the training signals, has been derived un-
der the assumption of symmetric network.

Owing to the above analysis, it can be concluded that the rates achievable over
a MIMO MAC channel with partial CSI at the receiver side can be interpreted
in terms of a coherent MIMO MAC channel with an increased noise level and
that the successive interference cancelation strategy at the receiver is a good
decoding strategy to achieve the derived lower bound on the sum-rate.

99



100 Conclusion

Concerning the Cooperative MIMO Network, the impact of incomplete CSI, in
terms of the degree of cooperation, becomes more and more evident when the
power used for the transmission of the information grows. Similarly, increas-
ing the operating SNR, a finer quantization is needed to achieve good perfor-
mance compared to the ideal case of no-quantization. For the Training Based
System, the correlation at the receiver side has a great impact on the perfor-
mance of the system in rank deficient case. In fact, when there are independent
receiving antennas, the performance of the system rapidly saturates, since none
channel matrix can be well estimated. Furthermore, when the coherent time is
large enough, it is preferable to consider full rank training sequences to obtain
higher achievable rates.

For a MIMO MAC with partial CSI, the minimum required energy per infor-
mation bit for each user at the receiver equals In 2, which is the same of the
one needed for coherent MIMO MAC. Moreover, assuming that none channel
coefficient is perfectly known, TDMA access with on-off signalling sent by
the users, achieves the optimal performance up to the second order of the sy-
stem; this means that we have to decouple the users of the network in low SNR
regime. Finally, it is enough that the mean square error of the channel esti-
mation goes to zero like log(SNR ) /SNR to obtain the same high-SNR slope of
the coherent case.

Possible future research guide lines could be different. One of these concerns
the analysis of a Cooperative MIMO networks in which also the received data
signals have to be quantized at the BSs, to take in account that the capacity of
the backhaul links are finite. An additional research topic could concern, in
order to optimize the achievable rates over the parameters of the training and
data transmission phases, the use of the developed framework for a Training
Based System. Finally it could be very interesting to extend the developed
analysis to study the performance of relay channels, in which all the relays and
the receiver have only partial CSI.
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